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L. SUMMARY

Contract DA~44-177-TC-584 with the U.S. Army Transportation Research
Command requires thkat, in addition to bi-monthly technical progress
raports, comprehensive reports of major work phases be prepared and
submitted to the contracting officer. Previous reports submitted under

this requirement are:
- X353-5 Fan Design Report, May 30, 1960. (Proprietary)

- Fabrication, Test, and Analysis of a Tip Turbine VIOL
Propulsion System (Report of Phase I, Static Tests, Fuselage
Mounted X353-5) TREC 60-42, August 31, 1960.

- Results of Wind Tunnel Tests of a Full-Scale, Fuselage-
Mounted, Tip-Turbine-Driven Lift Fan (Report of Phase Il
Tests Volumes 1, 2 and 3) TREC 6l1-15, Janﬁary 1961,
October 1961, and March 1962.

- Results of Static Tests of a Pull-Scale, Wind-Mount .d, Tip-
Turbine-Driven Lift Fan, TREC 62-21, October 1961.

This is the required report for the final portion of Phase II contract
work., It includee the results of the fullwsgcale, wing-mounted X353-5
and X353-5B fans obtained during a two-part, l07-fan-hours, wind tunnel
test program in the NASA, Ames, 40' x 80' wind tunnel. 1In addition,
this report includes the results of an additional 6 hours of outdoor

ground effect testing at Ames, The main sections are:

« Wind Tunnel Model (Section II)

’
¢
4

« Test Instrumentation (Section IIIL)




- Test Procedures and Results (Section IV)

- Analysis of Test Results, Conclusions, and Discussions of
Any Problems Encountered (Section V)

- Hardware Inspection Results (Section VI)

- Program Recommendations (Section VII)

- References (Section VIII)

- Basic Data (Appendix A)

Figures, Charts, and Graphs (Appendix B)

The basic test data obtained for every test point are tabulated in

Appendix A. A few items of summary:

Tunnel Speed (VP) 0 to 125 ¥nots
Angle of Attack (a) -4° to 20°
Fan Speed (NF) 0 to 2640 rpm (1007%)
Exit Louver Angle:
Single Actuation 0° to 50° vector
Differential Actuation 0° to 45° vector and
-18° to 50° stagger

Wing Flap Angle (8.) 0°, 30° and 60°

Tail Position off and low

Tail Incidence Angle (1t) -4° to 20°

Yaw Angle (Y) -12° to 12°

h/dF (ground proximity testing). 0.98 to 1.82

J85 Engine Speed 0 to 16,500 rpm (100%)
VP/vtip 0 to 0.6

® Where: h is the distance between the lower wing surface and the ground
and dF is the fan blade tip diameter.

-2~




Analyses of the results are presented in considerable depth, defining
basic aircraft, fan internal system, and fan mechanical perforqmnce,

in the wind tunnel, as a function of several configuration‘changes and
the variables listed above. In addition, the static'fan'and'system
performance is analyzed as a function of.ground proximity. A few items

of performance conclusions are listed below:
AERODYNAMIC

1. Open fan inlets and exits, simulating the aircraft codfiguraﬁion

which may exist during conversion, had the following performance

characteristics relative to the basic aircraft: L = g decreased

0.38; C increased 0.01; and longitudinal static stability margin

increased 0.11.

2. Static longitudinal stability of the powered aiferaft was:essenpiaily-;'ﬂf =

the same as the power-off case. : T T

i

3. Tail downwash with the fans operating.was a function of”veleeity_getiO';t'

(VP/vtip) and was approximately three times the fanJin-fuseiége valie. -

4. Transition performance with three different inlets tested was neerl§'
identical in spite of vastly different internal fan petfbfmsnce:{'

characteristics.

5. The transition characteristics and maximum conversion speed for the
fan-in-wing were essentially the same as for the fan- in fuselage f

installation.

6. Take-off conversions required ~ 10° angle of attack and tail incidence
angle changes; however, landing transitions could be demonstrated

with practically no trim changes at conversion (low fan speeds).
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12.

13.°

14,

The inlets tested recover little or none of the available ram

pressure compared with the near 100% recovery of the fan-in-fuselage

installation. The high conversion speeds attained were a result
. of lower exit louver losses and an increased fan pressure ratio at

-high transition speeds.

Incremental interaction lift improvement offset decreased fan per-
formance for the fan-in-wing installation resulting in system

performance similar to the fan-in-fuselage configuration.

Interaction drag was insignifichnt (within data accuracy) and had no

”.éizable effect on fan powered performance.

) Interaétion pitching moments up to conversion speeds were directly
‘ broporﬁional‘to fan ram drag and were equivalent to a ram drag
. force acting 1.8 fan.diameters above the'fan inlet (the comparable

“ number for the fén-in-fuselage was 1.6).

Moderate angle of attack changes (-40 to +8°) and yaw angle changes

’.(-8o to +8?) did not affect the'faﬁ‘performance appreciably,

The XjSB-SB (redéé{gned) rotor produced essentially the same thrust

"at design horsepower as the X353-5 rotor; the required rotational

speed was 3% to 4% lower.

Both'typé rotors tested unload rapidly (overspeed) in cross flow,

compared with practically no unloading in the fan-in-fuselage

installation.

Fan flow and fan lift for the X353-5B rotor at 0.98 h/dF were S%
and 7 1/2% lower, respecitvely, than at 1.82 h/dF height. The
measured total 1lift was s 9% higher indicating =~ 17% positive
aircraft ground effect at 0.98 h/dF'




15. The fan (X353-5B) did not unload appreciably in ground effect;
constant speed was essentially equivalent to constant power

performance.

MECHANICAL

1, Cosine 20 stress in the fan-in-wing installation was a function of
cross-flow velocity and exit louver angle setting: it was not
significantly affected by inlet doors, mid-wing configurationm,
angle of attack and yaw angle; it was independent of transient
time and not as sensitive to exit louver angle setting as the fan-
in-fuselage installation. Maximum measured stress was 58.2% of
maximum allowable (X353-5B) and occurred at a fan rpm of 2050,
tunnel velocity of 125 knots and exit louver setting of 35°,

2, The first flexural blade stress increased with cross-flow velocity
and was a function of exit louver angle setting; running stress
limit of 10,000 psi was slightly exceeded above 100 knots and 45° B;
X353-5B blade with the single hook dovetail design should permit
higher stress operation limited by the tip tang strength (tests to
determine tip tang fatigue limit are in process).

3. Conversion transient stresses are no higher than for steady state

operation at this (a 125 knots) flight condition.

4. Reducing the admission arc by 50% simulating one engine-out operation

increased the cosine 26 mode blade stresses by 52% at 60 knots.
5. A circular vane plus fixed side vane inlet was selected as best tested
based on satisfactory mechanical and aerodymamic performance and

relative simplicity of design.

6. Addition of inlet closure doors increased first flexural blade stress




from 50% to approximately 80% of running stress limit at 60 knots.
Combined blade stress also increased at higher fan speeds because

of a larger first flexural component.

Blade and stator stresses were not significantly affected by ground
proximity (less than 10% stress level increase over the out-of-

ground effect values for all critical stress modes).

Blade stresses increased with flight velocity. At 125 knots flight
speed, combining all stresses present, the bladé airfoil and single
hook dovetaill are within infinite life limits. Without inlet doors
installed, the tip tang is near its stress limit (first flexural)
as it 1s currently established.




1 WIND TUNNEL MODEL

The full-gscale aircraft model was designed, fabricated and assembled
by NASA at the Ames Research Center. The test configuration in-
cluded an X353-5 1ift fan installed in each wing and a YJ85-5 turbojet
engine mounted under each wing near the fuselage (see Figure 1).

The wind tunnel fan-in-wing test program required two periods of
testing. The details of specific components of the wind tunnel model
for Period I testing are described first. For Period II testing,
only the wodifications to the test model configuration are described,

PERIOD I TESTING

Alrplane Model:
The airplane model consisted of structural steel load-carrying

members with the aerodynamic shape fabricated of contoured wood
and sheet metal. The wing section was an NACA 65-210 series air-
foil and was sized to change from fan lift to wing lift at about
100 knots flight speed for a gross weight of 14,100 lbs. (equal
to fan hover lift at full power). The fan axis passed through
the wing 40% chord line., Plain flaps extended from approximately
17% to 64% of the wing semi-span and were adjustable for a 0°,
30°
mit the testing of two different wing configurations. A sketch

» OT 60° angle. The wing was made with removable tips to per-

of the airplane model with pertinent geometric data for both wing

configurations and the tail are presented in Figure 2.

Lift Fans:
Lift fans installed in the aircraft model were X353-5, S/N 00i,
in the left wing and X353-5, S/N 002, in the right wing. Specific

assembly details are presented for each fan.




S/N 001 Assembly:
This fan had been used in development tests (fan-in-fuselage) for

106 hours prior to this testing. There had been four ovefhauls;
17 hours, 13 minutes of operntion‘ were accumulated since the

last overhaul and prior to use in this wmodel.

Forward Frame - Cold radial clearance of the air seal in this
frame was 0.050 inches. This clearance had been approximately
0.150 inches for fan-in-fuselage testing but was reduced at the
last overhaul in preparation for the fan-in-wing installation,
which is more sensitive to leakage between the turbine and fan

streams.

Rotor - The rotor assembly incorporated a two-piece torque band
and rotating seal arrangement corresponding to the configuration
designated Design A in reference 18 (see Fan Modification in

Section II). These parts were new at the last overhaul and had,

therefore, accumulated only 17 hours, 13 minutes of gunning_time;

Rear Frame and Scroll - Scroll mount shims were altered to increase

scroll to rear frame radial clearance., This was done to provide
additional clearance for rear frame growth with temperature and
reduce the possibility of turbine shroud rubs which had been éx- :
perienced in fan S/N 002 during static fan-in-wing testing.

Exit Louvers - Most fan S/N 002 louvers had to be replaced to )
accommodate a right wing installation. In as much as they airggdy
were modified to provide thrust spoiling-ns well as vectoring
capability (see reference 19, Fan Aépembly Details in Seqtiﬁn.II),

they were used wherever possible to replace S/N 001 louvers in ‘the B

. Reference 18




S/N 001 fan. The replacement louvers had an accumulated operating

time of as 53 hours (reference 19).

S/N 002 Assembly:

This fan had been used previously for fan-in-wing static testing
at Evendale for 53 hours. The fan was overhauled in preparation

for this program,

* Porward Frame - Minimum cold radial clearance of the air seal in
~ this frame was 0.141 inches. The maximum gap for the combination
of minimum rotor runout point and maximum air seal runout point
was estimated to have been m 0.266 inches. This estimate was
based on the measured minimum clearance plus the design tolerances

(£ 1/16 inch) of the forward torque band seal lip and honeycomb.

Rotor - The rotor assembly incorporated a tapered single piece
torque band-seal corresponding to the configuration designated
Désign B in reference 18 (see Fan Modification in Section I1I).

Exit Louvers - Both fans S/N 00l and 002 were designed for in-
stallation in a wing with -the scroll positioned to the right. In
' ordet'tb locate the scroll next to the fuselage for the right wing
: 1hsta11:tion,_an 002 had to be rotated 180°. Because of this,
the exit louver system also had to be reversed. Figure 3 shows
schematics of the louver system for both left and right wing in-
gtaliatibns. The fundamental change in louver location can be
'vihualizedAga»sepn;atiﬁg the exit.loﬁver system from the frames
andArot;tiﬁg:the frame 180°. Wherever practical, existing louvers
weré.hsed,~but.attached to the opposite side of the rear frame
stfut;- Where noted- in Figufe 3, new louvers were required to make
a satisfactory cascade. The shaded areas in the figure indicate
where'gomﬁlete co&erage is not proyidedZWhen the louvers are fully

- closed. The exit louvers on this fan were also equipped for




staggered louver operation (for thrust spoiling). Since the test
linkage system would not permit full closed, B = 90°, positioning,
removal of the staggering attachments was uecessary when full closure

was required for unpowered aircraft performance investigation.

Inlet Configurations:

As a result of scale model studies and the review of inlet test re-
sults with NASA and TRECOM, three inlet configurations were manu-
factured in full-scale test hardware for the wind-tunnel program.
They were:

a. Circular vane (Figure 4)

b. Circular vane with fixed side vanes (Figure 5)

¢. Circular vane with articulated spanwiege louvers (Figures 6

and 7)

The circular vane inlet consists of a constant section cambered
airfoil that extends around the full 360° of the inlet and is
flush with the upper wing surface.

The fixed side vanes form a cascade of five parallel spanwise air-
foils, equally spaced and variously cambered from moderate camber
in front to zero at rear. They are welded, at one end, to a cap that

fits over the bulletnose and at the other end, to the circular vane.

The circular vane with articulated spanwise louvers consists of
fixed side vanes with hinged movable vanes attached to the leading
edge. The movable vanes protrude into the free stream and when
fully closed form the wing upper surface. Figure 8 shows the
angular displacement of the vanes relative to an indicator
reading. A schedule of indicator reading versus cross-flow
velocity (Figure 9), determined from previous scale model testing,

was used as a guide for choosing vane settings during this testing.

-10-~




Covered Inlets:

Cloged inlets were required for some of the unpowered aircraft
performance testing. Inlet covers used for this were made of
plywood shaped to conform to the contour of the wings.

YJ85-5 Engines:
Each of the fans was powered by a YJ85-5 engine equipped with an

electric starter.. The idle speed of the -5 model is a 45% rpm
compared with ss 72% rpm for the -7 model engine used in previous
tests. This made it possible to conduct very high velocity ratio
tests at lower tunnel speeds,

Diverter Valves:
A second, Air Force owned, X353-5 diverter valve (S/N 002) was

borrowed for this test program. The other X353-5 diverter valve
used (S/N 001) is also Air Force owned and had been incorporated
in previous fan-in-wing static tests at Evendale (reference 19).
Effective discharge area for the engines was adjusted by position-
ing the valve doors for appropriate levels of lcakage. The tests
described in this report are the first tests of the X353-5

diverter valve in a wind tunnel environment.

oD E

Airplane Model:
The fuselage was modified by NASA to support a removable cap which

was used for some runs to simulate the fan inlet environment of
the VZ-11 airplane (see Figure 10). Simulated leading edge
(Kruger) flaps were also provided by NASA for attachment to the
wings during part of the Period II testing (see Figure 1ll). Also

8 S/N's 230-155 and -157

~-11-




for Period 1II testing, a different mounting system above the wind-
tunnel support struts was used. The change in tunnel tares be-

cause of this is discussed in the Analysis.

Lift Fans:
In preparation for Period II testing (test points 923 through 1439),

Fan 001 was rebuilt using an X353-5B rotor, S/N 009, equipped with

a new disc and blades which are different in two major aspects:

1. Dovetail design - 11% longer with a single hook

instead of three hooks.

2. Rotor blade reorientation - open 3° uniformly from

tip to hub.

This rotor also incorporated the two-piece torque band-seal design
and re-used rotor 002 carriers. The forward air seals were re-
ground to provide 0.089 inches cold clearance at the torque band-

seal lip.

Two additional rear-frame stator stiffening rings were designed and
installed in Fan 00l for use in the initial high speed runs in the
tunnel (see Figure 12). They were made so that they can be cut into
segments and removed and then, if necessary, be reinstalled with-

out requiring a fan disassembly.

Fan 002 was rebuilt using the rotor from Fan 00l. This was done so

that both fans would utilize the two-piece torque band configuration

and compile more operating time on this design; this torque band had .
an accumulated operating history of 50:05 hours prior to Period II

testing. The minimum clearance of the forward torque band-seal lip

to honeycomb was 0.140 inches; the maximum gap for the combiration

of minimum rotor runout point and maximum air seal runout point is

«]l2-




estimated to have been a 0.265 inches. For the previous buildup
of Fan 002, these tolerances were 0.141 and 0.266 inches, respectively.

Both fan scrolls were modified to accommodate a scroll blocker

(see Figure 13) which, when installed, blocked off half of the
scroll to simulate a one engine-out condition for a VZ-ll type
ducting arrangement. Each scroll was fitted with a removable spacer
at the bellows=-scroll joint so that the installation of the scroll
blocker was possible during a special run without a mounting dis- -
turbance, When the scroll blocker was installed, it was also
necessary to make a corresponding discharge nozzle change and a
diverter valve position adjustment to discharge half of the J85

gas through the 'cruise' nozzle.

Inlet and Inlet Closures:

The circular vane plus fixed side vanes inlet configuration was
selected for the Period II testing and was installed in the fans
after the fans were mounted in the wings. Simulated inlet closures
were desigred and fabricated for the Period II testing. The con-
figuration tested was a set of fiberglass "butterfly'" doors that
attach to the fan front frame with the tips guy-wired to the wings
(see Figure 14). Two design variations were tried: one with
fairings which streamline the fan bulletnose on closing; the other

plain.

GRO EFFECTS TESTING )

To avoid reingestion, special engine inlets were installed for the ground
effects testing as shown in Figures 15 and 16. The platform shown in
Figure 16 was used to simulate the ground plane for testing at smaller
values of h/dF' Figures 17 and 18 show in more detail the degree of
confinement presented the fan. Note that the left wing tip was remoyed

to avolid as much extraneous aircraft ground effect as possible.

=13-




As shown in Figure 19, the inlet fixed side vanes tested in the wind
tunnel were removed and in their place stub vanes were welded to the
circular vane pointing'radially~toward the hub, The purpose of this
configuration was to remove the unrealistic flow disturbances which
would be generated by the relatively crude test hardware used to attach
the vanes to t!luia'hub.a The stqb'Qanés retained the primary performance

- penalty of the side Qanes, the junctions at the circular vane.

2 a bulletnose cover was used to support the fixed side vanes; the fit
was poor resulting in fan inlet area blockage of m 1 1/2%.

-14-




IIX ST INSTRUMENTATION

The instruments used throughout this test were essentially the same
types used for the previous fan-in-fuselage static and wind tunnel
tests and the fan-in-wing static test. (For a general description

see pages 69-90, reference 15). Table I shows the type and quantity

of internal data recorded for the two tunnel tests and the February
1962 outdoor test. During the August 1961 outdoor test only operational
instrumentation and temperature instrumentation to measure reingestion

were used.

For the tunnel testing, the integral lift-drag-moment force measurement

system was used (see reference 16, Figures 5 and 12 for details).

For the February 1962 outdoor test, the contractor provided three, strain-
gage type, air-cooled load cells and related readout equipment. These

load cells were capable of recording 1ift enly.

= AERO] c
Extensive pressure ifustrumentation was installed in the fans to monitor
internal performance characteristics such as flow, pressure ratio,
distortion, and inlet recovery. In addition, pressure and temperature
instrumentation at the diverter valve inlet plane was installed to
provide a measurement of total available horsepower supplied to the
fans. Figure 20 shows the locations of the instrumentation planes in
the fan and engine, and Table I1 shows the breakdown by instrument
planes. All of the pressure signals were displayed on water; alkazine®
or mercury photo-manometers and photographs were obtained “or each

data point.b Temperature data were recorded on flight recorders and

% A manometer fluid with specific gravity of 1.75.
All pressure recording equipment were provided by NASA,

-15-
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multi channel potentiometers.

FANS - MECHANICAL AND OPEggrfONAL

Fan mechanical and operational instrumentation consisted of fan speed,
axial and radial vibration transducers, vibratory strain gages on
rotor blades, torque bands and stator vanes, and torque band thermo-

couples (rotating).

All of the rotating signals were transmitted through a slipring.
Strain-gage signals could be visually monitored continously on 24 scopes
and could be simultaneously recorded on a 24 channel tape system.
Switching circuits were incorporated to allow a choice of up to four
different signals to be monitored and recorded on each of the 24 availa-
ble channels, giving & capability of monitoring and recording a total of
96 strain-gage signals.

ENGINE - OPERATIONAL

Standard engine instrumentation was used during the test including:

engine speed, compressor discharge pressure, oil pressure and tempera-
.ure, fuel pressure, exhaust gas temperature, throttle position and

vibration transducers.

AIRCRAFT - AERODYNAMIC

The aircraft left wing was instrumented with five stations of static
pressures. Sce Table III. The right wing was instrumented with static
pressures at the same five span stations but extended only to as 5% of
the chord. Comparison between peak pressure profiles indicated the
wing performance to be symmetrical.

MISCELLANEOUS

During the outdocr tests in August 1961 and February 1962, temperature
data on the fuselage and in the fan discharge vicinity were recorded.
Twelve fuselage skin thermocouples and a movable stand with 29 thermo-~

-18-




TABLE III .

LOCATION OF PRESSURE MEASURING
INSTRUMENTATION ON LEFT WING OF MODEL
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couples in a grid were used for this purpose. Sound intensity and

directivity measurements were also taken during the outdoor tests to

determine sound pressure levels as a function of fan speed.

Forces on the inlet doors (right wing) during transition
with ring-type strain-gage load cells installed in four
cables which held the doors in place. Cable tension was
"soft' springs to accommodate tunnel temperature changes
deflections,

Strain gages were¢ installed on the exit louver actuating

were measuread
of the six
maintained with
and wing

rods to measure

steady state loads on the louvers as a function of vector angle during

both static and cross-flow testing.
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The testing required a total of 113 hours and 40 minutes of fan
operation (two fans) and was conducted during the periods from
September 15, 1961, to October 27, 1961, and from January 9, 1962 to
February 8, 1962.

0 IVE L

The formulation of the test objectives and the subsequent development

of the detailed test plan were accomplished co-operatively by TRECOM,

NASA and contractor personnel.

The program had the following basic objectives:

1.

To obtain basic unpowered aircraft performance information with
and without the tail installed.

To evaluate the effect of various inlet configurations on the

mechanical and aerodynamic performance of the fan system.

To demonstrate conversion characteristics.

To determine the effects of wing area, high and low wing position, in-
let "butterfly'" doors (faired and unfaired), and Kruger flaps on

the aircraft/fan system performance.

To test the effectiveness of using vectored and staggered exit

louvers for roll, yaw,and altitude control.

To evaluate the control effectiveness of the tail for both powered

and unpowered conditioms.

-21~




7. To simulate one engine out-operation.
8. To determine the mechanical and aerodynamic performance charac-
teristics of a lift fan having an X353-5B model rotor (3o open

blading).

9, To evaluate ground proximity effects on airplane and fan performance

(mechanical and aerodynamic) and on engine and fan reingestion.

Operating limits for testing were established as follows:

Fan Vibration 2 g's; 10 mils

Fan Bearing Temperature 350°F

Fan Turbine Inlet Temperature 1221°F

Diverter Valve Skin Temperature 1400°F

Torque Band Temperature 600 F

Fan Speed 100% (2640 rpm)

J85-5 Speed 1047 physical speed (17,160 rpm)
J85-5 Vibration 6 mils compressor (peaking)

5 mils compressor (steady)

5 mils turbine (peaking)

4 mils turbine (steady)
Stregses See Table IV

SUMMARY OF TEST RUNS
Tables V through VIII summarize the test runs and oI nfigurations that

were made during this program. Table IX is included to show the total

accumulated operating time on both lift fans tested under this contract.

A total of 921 data points were recorded during the Period I testing in-
cluding power-off and checkout runs. Another 633 data points were re-
corded during Period II including wind tunnel and ground proximity

testing. The following test variables were investigated:

-22-
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Tunnel Speed (VP) 0 to 125 knots
Angle of Attack -(a) -4° to 20°
Fan Speed (NF) _ 0 to 2640 rpm (1007%)
Exit Louver Angle:
Single Actuation 0° to 50° vector
Differential Actuation 0° to 45° vector and

-18° to 50o stagger

Wing Flap Angle (6f) 0°, 30° and 60°

Tail Position off and low

Tail Incidence Angle (1) -4° to 20°

Yaw Angle (Y) -12° to 12°

h/dF (ground proximity testing)® 0.98 to 1.82

J85 Engine Speed 0 to 16,500 rpm (100%)
vP/vtip 0 to 0.6

TEST RESULTS

Test results are tabulated in Appendix A, Table A-l1 contains definitions
and symbols. Table A-2 is a compilation of Period I and Period II wind
tunnel test results. The results of the February 1962 ground proximity
testing is presented in Table A-3.

The following items from the wind tunnel tests (Table A-2) are direct
readings (incorporating appropriate calibrations): fan speed (NF)’
exit louver angle (B), tail incidence angle (it), flap angle (6f), baro-

metric pressure, tunnel temperature Cro), engine speed (N , angle of

385
attack (a), and yaw angle (¥). The other items in the tables have been
converted from direct measurement by means of the formulae listed in

the calculation standards (reference 16, Appendix A). These calcu-

% Where: h is the distance between the lower wing surface and the
ground and dp 1is the fan blade tip diameter.
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lations were accomplished as follows:

- All the force data (lift, drag and moments) were reduced on
the IBM 7090 computer operated by NASA-Ames, The standard
40' x 80' wind-tunnel calculation prbgram was used with the
following correction factors spplied to account for wind-tunnel

wall interference effects. These corrections are applicable

only to the unpowered data:

l. o o au + 0.923 CL where: u denotes uncorrected
u
¢ denotes corrected

]
2, Cj = Cp + 0.0161 ¢,
c u u

3. CM = CM + 0.02417 CL (tail on tests only)

[« u u
Additional corrections were made to the computer-calculated
data from the Period Il test results (Table A-2) to account
for the difference in mounting system above the wind-tunnel

support struts. The following corrections were applied

to both powered and unpowered data.

C. = C - 0.01
2 DraM

= O + 0.02
Cu

MIBM

- Both the NASA-Ames and the contractor’s Evendale IEM 7090
facility were used for the fan internal aerodynamic data re-
duction. ,

- All other fan/aircraft performance calculations were made
manually as described in the section on analysis of results,

where appropriate.
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MEASUREMENT ACCURACIES

"rhe-following are the estimated levels of data accuracy:

Power Off:

Drag + 20 1bs,
Lift 4+ 40 lbs,
Moment #200 ft.lbs.

The above values do not apply at or near stall conditions
where the flow conditions are unstable.

Power On:
Drag + 80 lbs.
Lift +100 1bs.
Moment 4500 ft.lbs.

The above values do not apply at or near stall conditions
where the flow conditions are unstable and at very low
tunnel velocity (below 20 knots) where some fan and engine

reingestion is present.
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A,

V, ANALYSIS OF RESULTS

ONSIDE ONS

Ggs Generators:
Two early model YJ85-5 engines (NASA inventory) were used through-

out the test program. These engines are normally operated with

an afterburner, and required changes were performed by NASA to pre-
pare them in a dry configuration. The engine cycle was well matched
with scroll S/N 002 (large nozzle area). used in the right wing
installation. The scroll S/N 001 (smaller nozzle nreu)‘ resulted
in too high engine exhaust temperature requiring the diverter valve
for the left wing installation to be slightly opened during the
tunnel tests, allowing a: 6% of the gas to bleed into the cruise
nozzle. Thrust from the = 6% bleed was negligible and is dis-
regarded in all analyses. During the ground effect tests of the
left fan,the divexrter valve was fully closed so that the valve
losses would be representative in the calculation of fan input
horsepower. This necessitated holding the engine speed below 95%

for the ramp tests to prevent over-temperature.

BASIC AIRCRAFT PERFORMANCE (POWER-OFF)
The basic aircraft polars are presented in detail in Figures 21 through

38,and a summary of the most important parameters is in Table X.

These polars (CL, CD and CM as a function of q) were repeatable and
showed very little deviation above 40 knots tunnel speed. This is
consistent with results obtained in the 40' x 80' wind tumnel with
previously tested models where it was found that Reynolds number effect

& Reference 17
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with a Reynolds number above three million (based on mean aerodynamic
wing chord) was practically‘nonexistent. For this model, a tunnel
speed of approximately 25 knots on a standard day i8 equivalent to
three million Reynolds number (sze Figure 39).

M;ny aircraft configurations were investigated during this series of

wind tunnel tests. For ease of comparison in Table X, data are tabulated

for only the higher tunnel speeds (60 and 80 knots) where Reynolds number
. effects are insignificant.

- Lift:

A summary of the changes in CL max and cL because of installing
the tail, and because of flap and tail incidence angle changes is
presented in Table XI.

TABLE XI
BASIC AIRCRAFT - LIFT COEFFICIENTS
FAN INLETS COVERED AND EXIT LOUVERS CLOSED

C C C o
gi:f::;\fx:ntion L max. L (a.=O°) AcL max. & L (a=0)
No Tail, 8 = 0° 1.01 0.10 S S
| No Tail, 6, = 30° 1.27 0.51 0.26 0.41
Tail On, 1 = 0°, 1.33 0.41 0.06 -0.10
o]
8 = 30
Tail On, 1 _ = s°, 1.395 0.50 0.065 0.09
&, = 30°

Alrcraft configurations simulating various fan inlet and exit

conditions which may exist during conversion were investigated;
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Table XII shows a summary of the results.

TABLE XII
BASIC AIRCRAFT LIFT AND DRAG COEFFICIENTS - CONVERSION CONFIGURATIONS
POWER-OFF, TAIL-ON, i = 0°

b¢ CL max.CL(@=0°) %°L max. ¥L(@=0°) Cp(a=0°)

Circular Vane +
Fixed Side Vane
Inlet:

Inlet Covered 30 1.33 0.41 - - .085 -
Exit Closed

Inlet Open 30 1.14 0.35 -0.19 -0.06 .092
Exit Closed

Inlet Open 30 1.07* 0.26 -0.26 -0.15 .096
Bxit Opgn
(B =35)

Inlet Covered 60 1.42 0.60 +0.09 +0.19 .150
Exit Closed

Inlet Covered 60 1.34 0.49 +0.01 +0.08 .120
Exit Opsn
(B =35)

Articulated
Inlet:

Inlet Closed 30 1.19 0.36 -0.14 -0.05 .086
Exit Closed

Inlet Ogen 30 1.21% 0,22 -0.12 -0.19 .106
(6 =10)
Exit Closed

Inlet Ogen 30 1.04% 0.23 -0.29 -0.18 .109
(6 =10)
Exit Opsn
(B =35)

*Values correspond to largest angle of attack tested
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With the inlet and exit closed, cﬁe poorer aircraft performance
for the articulated inlet system is attributed to two factors:

1. The articulated inlet louvers did not cover the inlet
completely.

2. In the closed position, the test hardware did not pro-
vide a smooth wing surface and was not representative

of flight type hardware in this regard.

When the fan inlet and exit were open, the aircraft performance
characteristics at o = 18° was about the same for both inlet
systems. As expected, the articulated inlet produced higher
drag at lower angles of attack, See Figures 28 and 29.

Period 1I testing included investigation of the effects of yaw
angle, simulated mid-wing VZ-11 configuration, and Kruger flaps
on aircraft performance. (See Figures 32 through 38.) The
following statements describe the results as related to aircraft
lift characteristics:

1. Increasing yaw angle decreased CL as follows:
max. .
Configuration oY 5CL hax.
Inlet Open 6.3 ~-0.02
Exit Closed
Inlet Covered 8 -0.075
Exit Closed
Inlet Covered 8 -0.03

Exit Closed
Mid-Wing Configuration
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2. The mid-wing configuration was not as sensitive as the top-

wing configuration to change in yaw angle.

3. Changing to the mid-wing configuration made no significant

change in basic aircraft lift characteristics.

4, The addition of Kruger flaps produced an expected increase
in maximum 1ift coefficient. They alsc caused a forward
shift in the center of lift at higher angles of attack as

indicated by the more positive moment coefficients.

Drag:
The aircraft mounting system above the wind tunnel support strut
used during Period II testing was larger and contributed more

drag than the mounting system used during Period I testing:

Period I Period II

Basic Atrcraft, a = 0°, 8. = 0° 0.05 0.06
Total Measured CDo
Estimated Drag Contribution 0.02 0.03
of Mounting System
Net Aircraft Drag 0.03 0.03

(o] [o]
0=0,6f=0

Consequently, Period II drag coefficients tabulated in Appendix A
must be reduced by 0.0l to be on a comparable basis with Period I
data. This was done for the preparation of Table X and the air-

craft polar curves, Figures 21 through 38.

Referring to Table X, the following observations concerning air-

craft drag characteristics can be made:
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4,

Addition of the fail caused no measurable change in CDo'

Changing flap angle produced large changes in CDO:
from 0° to 30° 8.,  A&C, = +0.04

from 30° to 60° 8 AC, = +0.075

Opening thke inlet and ex1t~(s =.35°) changed CDo by 0.01

(circularAvnne plus fixed side vane inlet configuration).

With the articulated inlet configuration, opening the
louvers to an indicated reading of 10° increased CDo by
0.02. Opening the exit louvers to B = 35% increased CDo
by e#a additional 0.003.

Increasing yaw angle from 0° to 8°, increased CDo by 0.008.

Adding the fuselage cap to simulate the mid-wing VZ-11,
increased CDo by 0.01.

The Kruger flap installation increased CDO by 0.015,

Opening exit louvers to B = 35° with 6f = 60o reduced CDO
by 0.03. The open exit louvers apparently change the flow
pattern in front of the flaps at this very large flap

angle setting resulting in lower drag.

The short wing span configuration (Period I, Run 17) had
a higher CDo compared to the full wing span model.

Pitching Moments (Tail Downwash):
At zero angle of attack, the change in pitching moment between

tail-on and tail-off test configurations is the moment contribution

from tail downwash. Comparing Period I Runs 8 and 9, Table X,

-39-




ac,, @ = Oo) = 0.166.

The change in moment coefficient (ACM) with tail ircidence angle
at zero wing angle of attack is shown in Figure 40. The tail

incidence angle that will produce a ACM of 0.166 is 6.23° which
is the downwash angle, ¢, for the uncambered airfoil tail used in

this testing.

From Figure 41, downwaeh angle as a function of angle of attack,
the value of d¢/3a was determined to be 0.605,

Static Stability:

Longitudinal - For the basic aircraft with the tail off, acM/acL
was positive and approximately equal to 0.042 indicating a small
amount of static instability. With the horizontal tail installed,
there was adequate static margin, the value of aCM/BCL being
approximately equal to -0.12 at all flap settings.

Larger negative values of BCM/bCL (-0.22 to -0.26) resulted for
test configurations with both fan inlet and exit ocpen (Period I
Runs 20 and 24). The open fan passage spoils the leading edge
lift of the wing and the center of 1lift moves aft of the wing

quarter chord as angle of attack is increased.

The aircraft model with wing tips removed exhibited static
longitudinal instability for angles of attack up to about 10°,
At higher angles of attack, this configuration becomes very
stable accompanied by an excessively high drag.

Directional - The static directional stability derivative for
the aircraft, acN/av,“ was negative and approximately equal to

8 Absolute values of yaw angle and side slip angle are equal in the wind
tunnel.
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C.

-0.0022 with the tail installed. Values of BCN/BY are inclused
in Table X for angles of attack of 0° and 8° (Period II, Runs 1,
2 and 3).

The unpowered aircraft with no tail was tested at 0° side slip
angle only. Therefore, the contribution of the vertical tail to
the directional stability can not be established directly from

the wind-tumnel test results. The methods outlined in reference 12,
pages 322-326, were used to estimate (bCN/BY)tail = =0.00337. This
indicates that the aircraft with no vertical tail is unstable and
has a value of 5CN/5Y = =0,0022 - (-0.00337) = 40.0017. As a
further check on the accuracy of this result, a value of

BCNIBY = 40.00127 was calculated for this aircraft model with

no tail, using the methods of reference 12, pages 317-322.

This information is used in analyzing the directional stability of
the fan-powered aircraft tested with the tail off (see Part E of
this Section).

FAN AERODYNAMIC PERFORMANCE

The fan internal performance is deduced primarily from a survey of rotor

discharge total pressures given by four fixed rakes of six Kiel-~head total
pressure elements located on centers of equal area. These were installed
in both fans for most of the tests. When inlet modifications were tested,
(Period I, Runs 10 through 27) the discharge total pressure was measured
by eight fixed rakes of six Kiel-~head total pressure elements located on
centers of equal areas. For some of the static testing, a survey of

rotor inlet static pressures was given by four fixed rakes of six static
pressure elements located on centers of equal areas. (For location of

pressure elements, see Figure 42.)

It should be noted that a direct measurement of flow is not available

in most of the testing. There is no measurement plane in which velocities
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and densities are known over the flow area to afford a flow integration.
The test configurations for which flow is best known are the static test
points where inlet static pressures are measured and where the total
pressure locally can be assumed ambient because of the minimum inlet

hardware.

It should also be noteu chat no total or static pressures downstream of
the stator are ever measured. Thus, the losses of the stator or the exit
deflecting vanes are not known, nor is the static pressure field at the
stator or exit vane discharge known from any measurement. Assumptions
leading to a level of total and static pressure downstream from the exit

louvers are made and justified later in the analysis.

A basic configuration consists of the fan installed in the wing without
any inlet or closure device ahead of the fan except the circular bell-
mouth vane. This configuration is referred to as the '"circular vane
inlet". The bellmouth vane is known to be necessary for static operation
of the fan to prevent separation because 0f the small radius bellmouth
(r/dF = 0.061). A model of the internal performance of this config-
uration in cross-flow will be discussed first; this model of operation

in cross-flow 13 necessary to explain the unexpectedly good performance

of this configuration. The comparative performance of two inlet flow
control devices will then be presented. One device consists of fixed

side vanes arranged for minimum static loss, and located in the inboard

and outboard portions of the fan annulus with the intent of turning the
flow axially im these regions where most of the rotor loading and unloading
occurs in cross-flow (similar to the helicopter effect of cross-flow on

the advancing and retreating blades of the rotor). The second device has
articulated louvers hinged to fixed, spanwise vanes which were scheduled

as a function of flight speed to turn all the flow axially. With some
additional hardware, the movable louvers could also be used to close the
fan annulus for cruise. These additional inlet configurations are referred

to as the "fixed inlet" and "articulated inlet", respectively.
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A comparison of the operation of the right and left fan is also
necessary becausne of the difference in operation which became apparent
as a result of the tests. The comparison will be made from tests for
which both fans consisted of the X353-5 rotor with the same inlet on

each fan.

The -5 rotor was modified for Period II testing by reorienting the

rotor blading 3% in the direction to increase the power consumption.

The performance of this opened-up rotor, designated X353-5B, 1is compared
to the -5 rotor statically in- and out-of-ground effect, and in cross-
flow.

A final part of this analysis will present the effects of closure doors
statically in- and ocut-of-ground effect and in cross-flow. The
presence of the fuselage close to the fan inlet, as in a mid-wing

installation, is also discussed.

Performance Model of Bgsic Fan:

A model of the internal operation of the basic fan without any in-
let or closure is first described qualitatively and then sub-
stantiated with the necessary qualifications.

Without any inlet, there is a strong cross-flow component imposed
on the fan in flight. This cross-flow component causes the ad-
vancing blades to load up and the retreating blades to unload. As
the cross-flow velocity is increased, the retreating blades
eventually stall-out while the advancing blades continue to pick
up load. The net result of this process is a gradual, moderate
reduction in power absorbed at constant speed. As flight speed
is increased, there is a portion of the annulus which is stalled
and which handies no flow. This dead area increases with flight
speed. In the balance of the annulus, the flow is being pumped
with energy input'continually higher than the energy input at
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static conditions, up to and beyond the conversion flight speed.

If the power lost in the dead region is not great, and if the
efficiency in the active region remains high, the internal
efficiency will be moderately good. Morebver, this process will
result in an effectively smaller fan absorbing nearly the sané
power at higher pressure ratio with increasing.flight speed. As

a result of this, there is net thrust available to higher flight
speeds than would occur if the same power were absorbed uni formly
in the entire annulus at a lower pressure ratio., 1In summary, the
fan acts to provide an increasing mass-averaged pressure ratio

with increasing flight speed and thus provides net thrust up to

; higher flight speed than would be predicted. The efficiency

in the region where the loading is increased can be reasonably
good. A one-dimensional analysis would predict only a small change
in stator incidence angles because of the high axial velocity of
the flow, Thus, if the rotor can handle the loading, the efficiency
can be good. System efficiency deduced would indicate that the
system efficiency at 120 knots with the jet deflected 35o is
nearly as high as static system efficiency.

Figures 43 and 44a show rotor discharge total pressures for the left
and right fans, respectively. Each fan has the nominal rotor with
the circular vane inlet. The ordinate 1is total pressure co-
efficient roughly proportional to the difference between local
rotor discharge total and ambient static pressure. In both
figures, rakes B and F are most nearly measuring advancing and re-
treating blade performance. The numbers on the curves denote
flight velocity ratio (VP/vtip
blades {(rake B) pump an increasingly higher pressure rise. The re-
treating blades (rake F) unload up to a flight velocity ratio of
0.15; beyond this, the tip region stalls out. Also the leading
edge portion of the fan (rake H) stalls at flight velocity ratios

). 1In both figures, the advancing
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above 0.15. A similar process occurs at B = 35° as shown in

Figures 45 and 46 for the left and right fan, respectively.

The extreme distortion of the flow field in flight is apparent.

An attempt is made to assign a local flow to each measurement
point in the fan annulus. If the local flow is correct, it can
afford a basis for a flow integration. The following assumptions
lead to a level of total and static pressure at an area downstream
from the exit louvers. The static pressure is assumed to be
tunnel ambient over the entire fan annulus., The total pressure

18 taken to be the local rotor discharge total pressure réduced

by a loss determined at static conditions as a function of exit
louver unglc.q.,lt i8 implied that this loss does not change
greatly in cross-flow which is fairly consistent with the small
change in stator incidence angle with loading. If the local flow
level caléulnted from this total and static pressure is assumed

to exist from inlet to discharge, it becomes possible to mass
average the rotor inlet total pressure, the rotor discharge total
pressure, and the calculated stage discharge total pressure. From
these, a mass averaged inlet total pressure loss and mass averaged
stage total pressure rise can be obtained. Also, it becomes

possible to integrate the thrust and discharge kinetic energy.

The net thrust obtained in this manner can be compared to the
thrust measured on the model system. For this purpose, the drag
of the aircraft is deducted from the system measurement, The re-
maining drag or thrust will then consist of fan thrust and any

induced drag.

For the case of expansion down to ambien! static pressure, the
kinetic energy at the discharge is higher than the kinetic energy

due to the approach velocity by an amount equal to the useful power

. Reference 16
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output iniegracad from the calculated discharge velocity field and
is shown in Figure 47, for B = 0° and B = 35°. The ordinate re-
presents useful delivered power at 100% fan speed. It is known
that the fan tends to overspeed at constant throttle setting as
the flight velocity is increased: the available power from the
gas generator increases slightly with increasing flight velocity;
and flight speed and exit throttling tend to unload the fan. The
apparent required power for constant fan speed can be estimated

by scaling down the available power by the cube of the overspeed.
This required power for 100% fan speed is also shown in Figure 47
for both B = 0° and B = 35%, The ratio of useful output to re-
quired input is the’system efficiency. This is also shown in
Figure 47, The system efficiency at low louver angles and low
flight speed, and the system efficiency at high louver angles and
high flight speeds near transition (120 knots, VP/V =~ 0.28) are

approximately the same and reasonably high,

tip

The increase in mass-averaged pressure rise at constant speed as
flight velocity is increased is shown in Figure 48. If the en-
tire fan annulus were to pump at this increased pressure rise, the
flow would also increase and the power would increase on both
accounts. The fraction of the annulus required to satisfy the
actual flow and power gets smaller as flight velocity is increased.

This effective flow area is also shown in Figure 48.

In summary, the fan effective flow area decreases and the fan pressure
rise increases with flight velocity (Figure 48) with fairly uniform

fan efficiency (Figure 47) up to the conversion range.

Performance with Additional Inlet Devices:
The "fixed vane' inlet, consists of fixed cascades of straight

vanes running span-wise with the wing located in the inboard and
outboard portions of the fan annulus within the confines of the
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wing profile. A separate closure for the fan would be required. The
"articulated inlet', has roughly similar fixed spanwise blades located
within the wing confines. A movable vane 18 hinged to the leading
edge of each of these fixed vanes such that, when closed, they close
the fan aperture, a&nd, when open, they extend out into the airstream.

They must be scheduled primarily as a function of flight speed.

Total pressure elements were located immediately behind the inlets,

positioned as indicated in Figure 42.

In general, despite the great difference in internal operation with
each of the inlets, the result is only a small difference in maximum

attainable forward flight speed.

The field of rotor discharge pressures for the circular vane inlets
has already been presented in Figures 43 to 46. Similar data are
presented for the fixed vane inlet in Figures 49 and 50, and for the
articulated inlet in Figures 51 to 54. Where available, data for

both fans are shown. Exit louver angles of 0° and 35° are chosen for
representing unthrottled and throttled operation, respectively. Three
or four levels of velocity ratio are chosen with 0.29 being near con-
version. There are four circumferentfal locations where total pressure
rakes of six elements are located: two in the advancing arc, two in
the retreating arc. These are, also, either in the active arc of the

partial admission tip turbine or the inactive arc and are so labeled.

With the circular vane inlet, the loading on the advancing side in-
creases greatly (Figures 43 and 44a - rake B) with increasing flight
speed. Where the advancing side is outboard (right fam, Figure 44a -
rake B), the increase is much greater than whem inboard (left fanm,
Figure 43 - rake B). This comparison is showmn in Figure 44b. From
wing static pressure data, the chordwise velocity distribution on

the upper surface of the wing in the region of the advancing blade

is higher (ms 15%) when the advancing blade is outboard; therefore
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the fan appears to be operating at a higﬁer velocity ratio (VP/Vtip).
This higher velocity results from the difference in wing area (due to -
wing leading edge sweep) upstream of the fan at the outboard panel as
compared to the inboard panel. Similarly, the unloading of the re-
treating side is apparent. At low velocity ratios, the unloading is
greater when the retreating side is outboard (left fan, Figure 43 -
rake F) than when the inboard (right fan, Figure 44a - rake F), but
in either case gets very poor at even moderate velocity ratios. This
is {llustrated in Figure 44c. At a given flight velocity, as the re-
treating side unloads, the ratio of cross-flow to local through-flow
velocity becomes adversely high and eventually local through-flow
virtually ceases. This is even more pronounced when the retreating
blades are in the active arc of the turbine (right fan, Figure 44a -
rakes F and H).

The effect of fixed vanes in reducing the peak pressure rise and
loading is apparent (right fan, Figures 49a and 50 - rake B). The
comparison with circular vane inlet at B = 0° and 35° is shown in
Figures 49b and 49c. This may as likely be a result of fixed vane
separation as flow straightening, judging from these data. No left-
wing fan data are presented from this run as it was not instrumented

at the time.

The articulated inlet data are shown in Figures 51 to 54. A predicted
schedule of louver angles versus flight velocity was tested and other
schedules selected + 5o from this setting. At least two c¢f these
settings would produce nearly equal thrust with only small loss in
thrust for the other setting; apparently, a fairly loose schedule is

permissable. Theilr effect on equalizing the loading is apparent.

The method of calculating local flow for the circular vane inlet was
applied to the fixed vane and articulated inlets, As previously noted,
by assuming this calculated local flow to persist through the fan, it
becomes possible to form a mass-averaged inlet total pressure loss and
stage total pressure rise. .

-48 -




The inlet total pressure loss expressed in coefficient form is
shown in Figure 55a. A comparison of fan-in-fuselage® and fan-
in-wing inlet performance is shown in Figure 55b. The fan-in-
wing circular vane inlet had a significant static loss and
negligible recovery in transition. As reported previously the
fan-in-fuselage circular vane inlet had insignificant static loss
and recovered essentially 100% of the flight dynamic head.

The loss data for circular vane and articulated inlet relate to
one another realistically. Both have increasing loss with flight
velocity ratio. The articulated inlet, with its additional hard-
ware, is poorer at low flight velocities, but improves with £light
speed because of its variable geometry, greater solidity, and con-
sequently, better ram recovery. The calculated loss for the fixed
inlet looks low and was expected to be somewhat worse than the
circular vane inlet at all flight conditions.

The stage total pressure rise coefficient for each of the inlets
is shown in Figure 56. This is the same type of data as presented
for the circular vane configuration in Figure 48. The internal
operation of the fan is seen to be very different among the three

inlet configurations.

It was the intention of this analysis to deduce the change in
mass-averaged pressure rise at a constant fan speed as a function
of flight velocity ratio for each of the three inlets. The dis-
charge velocity from this, with a distortion coefficient would
determine both flow and thrust for the distorted flow that actually
occurs. It was aanticipated that the rise in mass-averaged total

pressure rise would be primarily a function of how little

®Reference 17, Figure 23
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flow straightening would occur upstream. Thus, a fan-in-fuselage
configuration with its uniform axial flow pattern, should have as
nearly a constant pressure ratio as a function of flight speed (for
a given fan speed) as could be expected.a The circular vane inlet
should have a map with pressure ratio rising the most (similar to
"Per formance Model of Basic Fan" described near the beginning of
this section). The articulated louver inlet might be close to a
constant map with the fixed inlet intermediate between it and the

circular vane inlet as illustrated below.

Circular
Vane
o = Inlet
0 o //
28 _ -
0o —_ Fixed Side
5% - ———-—"" Vane Inlet
0n YW - ——
8| =——— -
fol= FIF and Articulated Inlet

VP/Vtip ——

The results depicted in Figure 36 show the rise in characteristic
of the circular vane inlet, with cross-flow. The right fan has a
greater rise than the left. This is probably because the advancing
arc of the right fan is outboard and local wing upper surface
velocities are higher there than inboard; thus, the left fan
pressure rise {is lower. The level for a 35° louver gsetting is

higher at all flight speeds.

The articulated louver inlet has what appears to be a constant
pressure rise (excepting one high flight speed data point). Again
the right fan is8 higher. The drop measured at low flight speed may

not be real.

8See Reference 18, Figure 33
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The fixed vane results do not look intermediate at all. At
B = 0°, they decrease and at B = 350, they appear reasonably

.constant,

For the fixed inlet, then, it would appear that not much error
would be incurred if a constant map were used with the pressure
rise interpreted as a mass-averaged pressure rise. However, the
effective area coefficient should be used as shown in

Figure 57.

The effective area coefficients for each of the three imlets are
shown in Figure 57 as a function of flight velocity ratio. The
right and left fan data points are intermixed and the area co-
efficients do not appear to be a function of exit louver setting.
The single curves for each of the three inlets are superimposed
in the upper right-hand figure and they relate to one another
sensibly.

The mass-averaged inlet total pressure loss, the mass-averaged
total pressure rise, and effective flow area are consistent with

a calculated thrust (drag) and lift. Lift and drag data are pre-
sented in Figures 58, 59, and 60. The measured drag (thrust)

shown by the lines in Figure 60 is the total measured drag with

the measured unpowered aircraft drag and engine ram drag deleted
(includes intereaction drag). The data points are calculated drags

based on the mass-averaged data.

The agreement of the calculated thrust (drag) at B = 0% with the
measured thrust (drag) is good. At exit louver amngles other than
zero (35° and 400), agreement is good except for the articulated
louver inlet system. This comparison of calculated versus measured
thrust (drag) affords a check on the integrated flow and is in en-

couraging agreement.
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The corresponding fan lift based on these -calculations is presented
in Figures 58 and 59. In Figure 58, three sets of curves appear;
one set- for each inlet. Where available, the contribution of each
fan {8 shown separately. 1In Figure 59 each set of curves compares
the inlets at the same exit louver angle. It would appear, in
general, that the articulated louver system was poorest at low
velocity ratios and the fixed vane inlet best at high velocity
ratios. At low velocity ratios, the circular vane is probably
best, but the test data do not extend low enough in velocity ratio

with sufficient accuracy for valid comparison.

Comparison of Fan Installationg in the Right and Left Wings:

Several installation differences exist between the right and left
fans. Many of these can be seen in the sketch of Figure 42. The
location of the four rotor discharge rakes is of particular
importance. The angular locations of the rakes were 22 1/20 off
from the wing chordwise and spanwise axes. Other aspects of

geometric difference are tabulated as follows:

Loading Turbine Wing Spanwise Wing
Position Arc Thickness Location L.E.
Left Fan
Rake B Advancing Active Thick Inboard =
D Weak Active Thin = =
Advancing
F Retreating Inactive Thick Outboard -
Weak Inactive Thin - Closest
Retreating
Right Fan
Rake B Advancing Inactive  Thick Outboard =
D Weak Inactive Thin - =
Advancing
F Retreating Active Thick Inboard -
H Weak Active Thin = -
Retreating
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Left Pan - Right Fan

Period I (October 1961l) X353-5 Rotor S/N 001 X353-5 Rotor S/N 002
Period II (January 1962) X353-5B Rotor £/N 009 X353~5 Rotor S/N 001

The difference of most concern between the left and right in-
stallations is the lower stall envelope of the right fan. This is an
envelope of decreasing angle of attack with increasing flight velocity
as shown in Figure 79. This envelope was relatively independent

of inlet configuration but was increased by wind modifications

such as the addition of Kruger flaps on the leading edge of the

wing and the removal of the wing tip section. Both wing

modi fications are such as to reduce the local wing lift coefficient
and hence average cross~flow velocity im the outboard regionm,

especially at angle of attack.

In an earlier section it was noted that the advancing blades of the
right fan, which were outboard, picked up loading more rapidly with
flight speed than the advancing blades of the left fan, which were
inboard (see rake B of Figures 43 and 44). Similarly, the retreating
blades of the left fan, which were outboard, unloaded faster than

the retreating blades of the right fan, which were inboard. This
differential rate would occur 1f the average cross-flow velocity

in the outboard region were approximately 157 higher than the in-
board region. This would cause the rotor blading of the right fan

to load up and stall earlier than the left fan. Also, the stall
might be more severe because the advancing blades of the right fan
were operating in the inactive arc. If the advancing blades operated
in the active arc with turbine air leakage present, the performance
should deteriorate more gradually and the stall might not occur so

suddenly. Figures 56 and 58 show the generally more rapid increase
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in pressure rise and lift of the right fan as compared to the left

fan as flight speed is increased.

X353-5 Rotor Versus X353-5B Rotor:

Static Performance Out of Ground Effect - The X353-5 rotor was
found to absoxrb 5 to 6% less than design power at design speed.a

Low speed scale-model tests in a wing configuration had been run
with simulated X353-5 rotor blading and with blading twisted open
just at the tip to increase the tip loading. Both of these rotor
blades were run at blade crientations for increasing the power con-
sumption to determine the effect on fan efficiency. The better
characteristics were obtained with the -5 rotor blade reoriented 3°
open (X353-5B). These scale model tests showed that the power con-
sumption increased 10 to 1l1% with no change in static unthrottled
efficiency, although there was more rapid unloading under throttled
and cross-flow conditions. These characteristics were generally
verified in the full scale tests as discussed in Part D of this
Section of the report.

The rotor discharge total pressure rise coefficients for the two
rotor configurations (full scale) are compared in Figure 61 showing
a substantial (& 67) increase in pressure coefficient for the -5B
rotor. The -5 rotor was tested at a ground height of h/dF = 2.3

as set by the 1lift fan facility arrangement in Evendale. The X353-5B
rotor was tested at a ground height of 1.82 which was the highest
ground height obtainable for the Ames outdoor ramp test.

Static Performance in Ground Effect - The X353-5B rotor was also
tested at a grocund height of h/dF = 0.98, The problems anticipated

for this test configuration were:

* Reference 15
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1. Hub stall due to heavy throttling of the hub region in
proximity to the ground.

2. Reduction in power consumption and efficiency under

throttling imposed by the ground plane.

The rotor discharge total pressure profile and radial variation of
inflow velocity (local flow coefficient) are shown in Figure 62.

The hub does not stall at h/dF = 0.98. 1In going from an h/dF of 1.82
to h/dF of 0.98, the flow is reduced 9% at constant speed.

A momentum and static pressure integral can be made to deduce the fan
internal thrust if the static pressure distribution across the dis-
charge annulus is known. During these tests, static pressure was
measured underneath the fan in the dead region beneath the hub. The
only information available from which a reasonable estimate could be
made of the static pressure distribution across the annulus was data
from a scale-model of the fan tested in ground effect. Using this
with the measured hub static pressure, the evaluation showed a 10%
reduction in fan lift at h/dF = 0.98. The corresponding reduction

in measured power consumed, at constant fan speed, was 2.l1%Z which,
together with the lower lift, implies a reduction in system efficiency
(F3/2/HP) of 13%. This is8 a much larger reduction in efficiency
than occurs with normal throttling via exit louvers and can be
attributed to the concentration of throttling at the hub evidenced by
the very large drop~off in flow in that region (see Figure 62). On
the average, the hub flow is reduced 16% versus 4 1/2% at the tip.

There is a plug thrust from the static pressure under the hub
equivalent to about 2 1/2% of the out-of-ground effect thrust. Thus,
the net thrust loss at constant speed is about 7 1/2% for the X353-5B

rotor at h/dF = 0,98 based on fan internal performance measurements.

Performance in Cross-Flow - The internal performance of the -5B rotor
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was compared to the -5 rotor on the basis of the rotor discharge
pressure rise coefficients. . The performance of the -5 rotor with
the fixed vane inlet in the right wing installation was shown
previously as a function of flight speed in Figures 4%9a and 50 for

8 = 02 and B = 35°. Similar curves for the X353-5B rotor with a
fixed vane inlet but in the left wing installation are shown in
Figures 63 and 64 for P = 0% and B = 35° (30° flap angle). Com-
parison of the two installations shows the -5B to exhibit a more
rapid unloading of the retreating side (rakes F and H) and a less
pronounced increase in loading on the advancing side (rakes B and D).
Also the tip performance on the advancing side is poorer. These
differences are certainly, in part, because of the higher outboard
wing upper surface velocities on the right fan;a the poorer tip per-
formance of the left fan (opened-up rotor) results from the advancing
blades being in the active arc. They must also be partly the result
of the inherently higher -5B rotor loading which would break down

more rapidly under adverse conditions.

The effect of 30° flap angle is shown in Figures 65a and 65b. Some
small circumferential redistribution of loading can be seen with the
advancing blades loading up and the retreating blades unloading. The
effect of angle of attack is illustrated in Figure 65a for

YolVyso 3 0.22. At Vp/V,, = =0.22 with +16° « and at Vp/Vyy, = 0.31
with +10 a, there was still throttling margin since loading increased
with the addition of 35° of exit throttling. Consequently, back-
pressuring resulting from underwing pressure at these angles of attack
iip| = 0.38, the highly
loaded side collapsed in stall (Figure 65b - rake B).

and velocity ratios is not severe. At VP/Vt

The effects of yaw angle are shown for ¥ = ¥ 12° at VP/Vtip = 0.22
(Figure 66). The effect of the combination shown is fairly small.
There is some indication of circumferential redistribution of loading

consistent with the changes in on-coming wind direction.

8This was discussed earlier in this section on pages 47 and 48.
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In.summary, the major variable on fan performance is flight speed
with which the opened-up-rotor unloads slightly more rapidly than
the -5 rotor. Of the variables of angle of attack, flap angle and
yaw angle, only extreme angles of attack (above 14°) have any

serious effect causing rotor unloading.

Performance with Inlet Doors and Mid-Wing Simulgtion:

Static Performgnce Out of Ground Effect - Two closure door con=-

figurations were tested., Both of these doorswere besically
“"butter£fly'" doors hinged along the fore and aft centerline., The
hinge line was glong the top of the major strut and the leading
cdge of the major strut was raised so that the axial location of

the hinge line was well above the wing surface. Thus, when the
doors wem open, the trailing edges of the doors were well above the
bellmouth and in a lower velocity region. Two types of doors were
tested: 1) unfaired doors and 2) faired doors. The upper surface
of the unfaired doors in the closed position correspond;d to the
upper surface of the wing contour everywhere except where the
bulletnose protrudes through the wing surface. The unfaired doors
were cut out to butt up against the bulletnose. The outer half of
the faired doors in the closed position was identical to the un-
faired doors. The fairing refers to a change in door contour which
was in the direction to fair out most of the procrﬁding bulletnose
for improved wing performance in cruise. The faifing starts around
a line which is roughly the mid-annulus of the fan and intersects
the bulletnose near its top. Except for the effect of the wing
spanwise contour, the fairing is roughly axisymmetrical.

In the open position, the unfaired doors showed no separation under

static conditions. The faired doors, because of the reversed

curvature, showed some separation near the hub. Static tests were
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run on both configurations in the wind tunnel throat with the
overhead tunnel doors open. Rotor discharge pressures are shown
in Figure 67. There is a slight distortion near the hub because

of the door fairing but no change in average pressure.

Static Performgnce in Ground Effect - Both closure doors were

tested during the static ramp tests. The faired doors were tested
at h/dF = 1,82 and 0.98. The unfaired doors were tested at h/dF

= 0.98 only. The internal performance with tke faired doors in
ground effect is shown in Figure 67 in terms cf flow and rotor dis-
charge pressure rise coefficients; the effect is similar to that
shown for the fan without doors in ground effect in Figure 62. A
comparison of the faired and unfaired doors at h/dF = 0,98 1is

shown in Figure 68. To satisfy continuity, the following relation-
ship must hold: A§ a (A!)l/a. Since this was not the case, as
shown in Figure 68, there is an indication that one or both of
these measurements are in error. Using the relationship F a ¥/? &,
the thrust difference between faired and unfaired doors is 2.2% at
constant fan speed. (Using the same relationship, the thrust
difference between no doors and faired doors is ms 1.6%.) There is
an indication that the pressure instrumentation did not measure all
of the loss because high loss areas are concentrated around
the fore and aft struts. For comparison the measured thrust penalty
between no door and faired door installation at 0.98 h/d? and con-
stant fan speed was 9.27 (see Table XIV, part D of this Section).
In general, internal measurements are not satisfactory for identify-
ing fan performance changes which affect the fan primarily in

isolated, local areas.
The ground effect on the entire aircraft system was positive at

h/dF = 0,98; 1.e., there was more thrust at constant fan speed or
at constant fan power at h/dF = 0.98 than at h/dF = 1,82, Wind
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conditions apparently had a considerable ‘effect on system measure-
ments, and consequently, only test points at similar wind conditions
are comparable. A discussion of system measurements 18 presented

in part D of this Section of the report.

Perfbgggnce in Cross-Flow - Wind tunnel tests were made of the wing

configuration with the faired closure doors. In addition, a series
of tests was made with a simulation of a mid-wing installation by
adding a superstructure to the topside of the fuselage. Its lateral
cross=-gsection at the fan centerline was roughly box-shaped such

that the vertical sides were close to the fan inlet bellmouth at the
wing surface., This body was added to the basic top-wing model and
faired fore and aft. Most of the data discussed here compare the
mid-wing configuration with faired closure doors installed to the
top-wing configuration without closure doors installed. Some data

for the top-wing configuration with closure doors are also given.

The flow over the closure doors was apparent from tufts applied to
the door surfaces. The left fan doors could only be viewed when the
mid-wing fuselage body was not on the model. A view from the right
side of the alrcraft model would show the outboard side of the out-
board "butterfly" door of the right fan, and the inboard side of the
inboard '"'butterfly'" door of the left fan. A sketch of some of the
tuft patterns i1s shown in Figure 69. Small regions of separated
flow at static conditions are shown and these occurred within the
light semi-circular 1line which circumscribes the bulletnose fairing.
In normal level flight, the aft region cleared up and 1looked

like the lower right figure shown for 80 knots. At high angle
of attack, as shown 1in the upper right figure for 160, the
inboard side of the left fan was badly separated at the leading
edge. The effect was similar and more severe than that shown for

the right fan in positive yaw. This implies a strong spanwise
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flow component in the inboard direction at high angle of attack.

The comparison of the effect of the mid-wing installation with
closure doors, to the top wing installation without closure doors

is made on the basis of the measured rotor discharge total pressure
field. Comparison is first made at zero angle of attack and zero yaw.
Then a comparison is made at an angle of attack and in yaw. All

of the data are from the left wing fan installation (X353-5B rotor

and fixed vane inlet).

The combined effect of the mid-wing installation and doors 1is to
increase the loading of rakes D and F in the back half of the fan.
This effect noted at a flight velocity ratio VP/vtip = 0.22 is
more pronounced at VP/Vcip = 0.31. At this latter condition,
rake B indicates pooxrer performance, especially in the tip region.

This is shown in Figure 70.

Comparing the curve for the top-wing, no-doors configuration in
Figure 70 with the same configuration in Figure 71 shows the

loading effect of an angle of attack change of 10°. This is

similar to the loading effect from increasing velocity ratio.

Figure 71 indicates that the addition of doors alone is the big
factor in increasing fan loading and that the mid-wing configuration
of itself probably has little influence.

The effect of the mid-wing installation with the doors in yaw is
shown in Figure 72, The positive yaw (clockwise) of these com-
parisons is in the direction to cause the flow to approach from
the left and thus be similar to angle of attack variations, which
seem to cause a strong spanwise inboard flow component (left fan).

Indeed the effects are in the same direction and more pronounced.

The pronounced effect of the modifications of either the doors
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alone or the combination of mid-wing simulation and doors is the
increase in loading of rakes D and F in the aft portion of the fan.
The change in peak total pressure attained by rake D is roughly
that which would be attained with full ram recovery and normal
work input. The aft portion of the fan annulus could be expected
to have local full ram recovery. Normal work input would imply

no circumferential velocity component in this region.

It is possible that the doors and fuselage prevent a strong in-
board velocity component in the vicinity of rake D; this would
imply a strong inboard velocity in this region with the top-wing
installation without doors which would cause the region of the

fan near rakes D and F to unload.

Performance 'Tuning'" with the Circular Vane:

An Investigation was made during the outdoor testing to show the
effect of increased inlet vane loading. Because of fabrication,
welding and rewelding, and installation changes to accommodate

the various test configurations, the vane shape became distorted

in a direction to unload it in the middle of both the active and in-
active arcs of the fan. The vane was raised at both locations to
incyease its loading. Geometric angles before and after this change,
which reflect this loading, are shown in Figure 73. The effects of
improved tip performance appear on rakes B and F in Figure 74. The
3.3% increase in average pressure coefficient was reflected in a
measured 2 to 3% increase in thrust with practically no change in
power requirements, indicating a fan efficiency improvement. The
vane was raised only for one test run at 1.82 h/dF and was in its

normal position for all other runs.

Miscellaneoug:
In order to identify effects related to use of test equipment (see
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Figure 5) instead of flight type hardware, wax was applied to the
side vane to circular vane attachment joints to provide a smoother
aerodynamic flow path. This investigation was accomplished on

the right fan in the wind tunnel for a hover condition with the
tunnel throat opened to atmosphere. Fan efficiency was markedly
increased (2 to 37 1lift increase) indicating the significance of

the junction points to good performance.

FAN THERMODYNAMIC PERFORMANCE

The preceding part of this Section evaluated the fan performance based

on internal measurements. A corresponding evaluation can be made
based on system performance measurements; primarily, system input
horsepower and fan thrust. For convenience, the fan speed-thrust
relationship i8 also used as a means of comparing performance, loading

and basic differences in fan operation.

As noted in Section II, part of the testing involved simultaneous
testing of fans with different rotors. Their primary design difference
was to obtain an increase in power absorption with essentially
equivalent efficiency so that for a given power input each fan type
would produce the same thrust with the -5B operating at approximately
3% lower speed (favorable from mechanical performance aspect).

Table XIII shows the basic X353-5 and -5B measured characteristics:

TABLE XIII
X353-5 AND X353-5B STATIC PERFORMANCE DIFFERENCES

Thrgst at Speed at Efficiency
Design HP 1007 N Design HP Parameter
(1bs.) (1bs.} %) Y2
. HP

X353-5°;

Maximum Power 7020 7050 99.8 138.5

Minimum Power 7155 7050 100.8 141.6
X353-5B 7130 7620 ) 96.8 141.0
84270 Hor sepower; bReference 19, page 29.
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The actual performance data indicate an 1ncre;§e of 9 to 12 1/2% in
power abaorption'wich the -5B rotor which was accompanied ﬁy an in-
crease of 0 to 2% in fan efficiency depending upon the level of power
which 18 actually associated with X353-5 performance (this power dis- -
crepancy is discussed in detail in reference 19). There were other
slight differences in configuration between these two fans in Table XIII:
The -5 fan was installed in a test wing at Evendale (NACA 65-210 series
with no taper) and located at an h/dF = 2,.3; the -5B data were obtained
with the fan installed in the left wing (NACA 65-210 series, 0.5 taper
ratio) of the wind tunnel airplane model and located at an h/dP - 1.82&
the -5 fan had only a circular vane installed in the inlet, while the
-5B had the circular vane and the radial studb vanes (see Section II).
The stub vanes were welded in place and this provided smooth junctions
at the circular vane. Because of these variations in configuration the
static performance differences in Table XIII must be considered

approximate,

Comparison of Static Test Results:

Tables XIV and XV gives a comparison of static test results to
identify the magnitude of performance effects resulting from the
many configuration and test variables. The following conclusions
can be inferred from the tables (it should be noted that the
measurements of wind velocity at the ramp were not preciseb and

that only one fan was operated for the comparative tests):

1. The X353-5B fan will operate at m 3-47 lower speed than the

-5 for a given power level and has the same efficiency.

2. The maximum test height on the ramp (h/dF = 1,82) 18 con-

% The X353-5B will be tested at h/d_ = 2.3 at Evendale under contract
DA 44-177-TC-715 and will provide another comparison. The inlet for
this proposed testing will be the circular vane with fixed side vanes.

) Phoned from Moffett Field tower.
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TABLE XV
MEASURED AND CALCULATED GROUND EFFECT PERFORMANCE
(FULL-SCALE AND SCALE-MODEL DATA)

Constant Power Constant Speed
ar AF AF AF
Measured *Calculated Measured *Cnlculuted
Full Scale Full Scale | Full Scale Full Scale
Configuration Scale Model Scale Model | Scale Model Scale Model

*) & ® @) @ @ & @)

X353-5B with
Circular Vane

h = 1,82: Reference Conﬁfiguration

h/d, = 0.98:

No Inlet Doors +9.9 - -6.4 0 +9.2 -11.0 =7.7 <=4.0

Faired Doors +4.7 - - - 0 - -9.3 -

* Calculated valves refers to values determined from fan internal
pressure measurements similar to the method used in Part C of this
Section (see page 55).
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sidered out of ground effect based on the -5B thrust at
constant power fnlliﬁg within the accuracy of -5 data at
h/dg = 2.30 for similar configurations.

The unfaired doors have no effect on fan performance out

of ground effect (from hover wind tunnel tests) or in

ground effect; the slight increase in fan efficiency at 0,98
h,/dF is considered negligible relative to test accuracy.

The faired doors have no effect on fan performance out of
ground effect but cause approximately S% lift loss in
ground effect at a given power level with over 9% lift

loss at a given speed. The door effect comes from both
unloading and a decrease in fan efficiency. The unloading
(~ 27 in fan speed) accounts for m 4% of the constant speed
1lift loss., The 5.27 lift loss at constant power (Table XV)

measures the decrease in fan efficiency.

Increased loading on the fan inlet circular vane increased
fan efficiency by 2 to 3%.

Wind had an erratic effect on fan performance: out of

ground effect an 8 knot wind resulted in an apparent 47
decrease in fan efficiency; in ground effect a change from an 8
to a 15-knot wind did not affect fan efficiency but unloaded
the fan (as 2% in speed). There are insufficient wind data,
accuracy and control of test conditions to understand fully
wind effects; however, both on the ramp and during Evendale
testing, light crosswinds have adversely affected fan hover

performance.

Ground effects weye significant and were dependent on the

test arrangement. The change relative to h/dF = 1.82 in-
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dicates a large positive ground effect at h/d, = 0.98 but

a large negative ground effect at h/dF = 1,30, Figure 18
graphically illustrates the basic configuration difference:
at h/dr = 0.98, the fuselage and ground plane simulate two-
fan operation by presenting an effective image plane to the
discharge flow; at h/dr = 1,30, there is a gap between the
fuselage wind ground plane allowing fan discharge air to
flow out under the fuselage.

8. Internal measurements (Table XV) indicate that the fan per-
formance is reduced in proximity to the ground. The
positive system ground effect because of the aircraft con-
tigﬁrntion must account for the difference and is, there-
fore, a very large effect, say 15 to 17% in lifc.

9. The fan did not unload appreciably in ground effect (less than
1% in speed change for comparable conditions). This was a very
different result than was obtained in scale model work which
indicated a power reduction of 10 to 11% to maintain a constant
speed. This is equivalent to = 3.5% increase in speed for the

same power input.

Static Performance Megsured in the Wind Tunnel:

Static performance is considered approximate whenever measured in-
side the wind tunnel but is obtained for comparative purposes.

In general, with the fan-in-wing configuration, static results
measured in the tunnel with the throat opened to the atmosphere
indicated fan 1lift to be 200 to 300 pounds lower than measured

outdoors during ramp testing or at Evendale.

A primary difference between static tests in the wind tunnel and
elsevhere was the fixed side vane installation; these were not
involved during Evendale tests, and on the ramp radial stub vanes

discussed above were substituted. A simple test was made on one
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of the fans to determine the penalty of the crude vane attachments
(refer to Figure 5) at the circular vane: a run was made with wax
filler applied to the junctions to smooth out the aerodynamic flow
path. This resulted in a 270 pound increase in the static lift per-
formance and would fully account for the difference noted between
tunnel and other static test results, This "calculated" close agree-
ment between the various static data was also obtained for the fan-in-

fuselage program (see reference 17, Table V).

One as yet unexplained difference in static performance was obtained
both in the tunnel and during ramp tests: the right fan performed
markedly worse than the left fan. This was of no significance to the
ground effect program which involved comparison tests on one fan only,
but, during the wind tunnel program, fan lift is taken as the average
of two ''identical" fans, and worse performance of the right fan would
reflect in the presented data's indicated lower fan contribution to the
total performance than would be realized with two actually identical
fans. This difference is over and above the difference in the fan
loading characteristics between the left and right wing fans discussed
in Part C of this Section, which has to do with inlet environment and
not basic fan capability. Although measured forward air seal clearances
are indicated to be very similar for the the two fans (Section II), it
is believed that, with different rotor to frame dimensional runouts and
possibly different thermal growths in the two fans, the right fan was
adversely affected by higher forward air seal leakage.

The significance of both the junction loss and the right fan deficiency
is that the wind tunnel results presented are slightly pessimistic in
terms of lift and net thrust capability in transition.

Fan Throttling Characteristics:

Figure 75 compares the X353-5 and -5B constant power static throttling

characteristics, During these tests, the -5B data were obtained at

lower fan speed and are, therefore, less reliable. Much more data is

now available from the flightworthiness test of the X353-5B propulsion

‘system in the Contractor's Evendale static test facility. These results
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have been added to Figure 75 for comparison. In addition, the fan
speed variation as a function of exit louver vector and stagger angles
is shown in Figure 77b. At the static condition, the increase in fan

speed with louver setting is not as severe as indicated in Figure 77a.

Fan Power Absorption in Transition:

The fan-in-wing unloads® rapidly as cross-flow velocity is increased.
This is in marked contrast to the fan-in-fuselage installation where
the fan operated at practically constant speed throughout the transition
range (see reference 17, Figure 34). The fan-in-wing unloading
characteristics are shown in Figures 76 and 77a for the left wing
installation of X353-5 and X353-5B rotors; the X353-5B unloaded more
both as a function of exit louver angle and forward speed. This
characteristic is a function of its blade loading (see Part C of this
Section). Figure 78 shows the predicted fan speed attainable as a
function of forward speed and exit louver angle for a J85-5 power
setting equivalent to HPS.Q = 4180 at hover, The X353-5B rotor is
more highly loaded at its static design point and, therefore, runs at
a lower speed at hover conditions and B = 0°. at high forward
velocities and high louver settings the two rotors approach the same
speed. This 18 why system performance in cross-flow based on the

same fan speed does not appear to differ for the two fan types.

All of the transition aircraft performance analyses are based on a
1007 fan speed limit. It is possible to improve this performance
appreciably 1if all available energy from the J85 engine were utilized,
This kind of operation would have to be based on mechanical con-
siderations, since an increase of m 7% above the design fan speed

would result.

8Fan speed increases as power supplied to the turbine remains constant.
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Unloading characteristics shown in Figure 77 are applicable for

the left fan installation with either the circular vane with fixed

side vanes or the circular vane only inlet configuration. The

articulated inlet did not unload as rapidly as a function of cross-

flow. This is not based on the power absorption measurement but on

the fan internal performance and higher aircraft pitching moments

for the articulated inlet at velocity ratios above (.2 which in-

dicate higher fan flow. Based on internal fan performance it also 5
appears that the right fan at velocity ratios below 0.3 unloaded
less as a function of velocity ratio than the left fan. (See
Figure 58.) This difference is probably too small to identify in

power measurements.

The internal measurements provide insight to the marked
dissimilarity in performance between the right and left installation
at high velocity ratios. The right fan experienced an instantaneous
unloading (stall) of as 107 speed change (equivalent to as 30% power
absorption change at constant speed); the locus of these stall
points 1is shown in Figure 79. 1In general, increase in exit louver
angle allowed an increase in velocity ratio before this stall
occurred. As velocity ratio is increased, the fan does not remove
all of the cross-flow component and the discharge flow angle be-
comes positive. This results in additional louver losses and
throttling and less stall margin at B = 02 and a decrease in louver

losses and throttling at high exit louver angles (see Figure 80).

This phenomenon contributes to the good conversion capability of

the fan-in-wing compared to the fan-in-fuselage in spite of the -
much poorer inlet ram recovery. The other contributor, the

variable pressure ratio phenomenon, is described in Part C of this .
Section.
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The left fan did not experience this rapid unloading, except at
very high velocity ratios. It did, however, unload slowly as a
function of angle of attack at velocity ratios around 0.4. This
characteristic is shown in Figure 79 for the X353-5 and -5B rotors
in the left wing. The X353-5 rotor tolerated as 10% higher velocity
ratio before becoming sensitive to angle of attack changes.
Installation of fan inlet doors and changing to a mid-wing con-
figuration reduced this velocity ratio threshold by as 20%; angle
of yaw of 8% reduced it by another 10%. Left fan unloading above
this velocity ratio-angle of attack envelope was ms 0.5% fan speed
per degree of angle of attack; within the envelope, fan speed was
not affected by angle of attack.

Flow Direction Through Fan in Transition:

With the fan mounted below a deep duct as in the fan-in-fuselage
installation, the flow is turned 90° into the fan. In the thin

wing installation the fan flow is axial only at hover and, as

flight speed increases, the flow angles through the fan without

being fully turned into the inlet. At the higher flight speeds

with B set at low angles, the louvers are at negative incidence to the
flow. At high P settings the louvers line up with the flow

angle through the fan,resulting in less throttling effect at high

B angles in cross-flow than at low P angles. The sketch below
illustrates the general characteristic believed to exist, although

this is not directly measurable in transition:

wa/wa @ Hover
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This effect is best indicated in the data by the increase in net

thrust beyond B settings which at hover indicate excessive
throttling losses without an increase in horizontal thrust. The
maximum useful B setting around conversion velocity ratios for the
fan-in-wing configuration was n-50°; for the fan-in-fuselage, 37°

was optimum,

Fan Sound Power Levels and Directivity:

A far field noise measurement of the 1lift fan installed in the
NASA airplane was made during the ground effect testing. A sound
pressure survey was made around one side of the aircraft model

at a radial distance of 65 feet and 1in the plane of the
fan, which was about 10 feet above the pavement.

Fan gpeeds ranged from 600 to 2300 rpm and the measured sound
pressure levels (average for each survey) are shown in Figure 8l.
For each survey a maximum sound pressure was recorded in a
direction normal to the aircraft fuselage, probably thz result

of sound reflection. The range of sound pressure levels for any
one survey (one fan speed) was + 4 db, which is not significant.
Fan exit louvers were actuated from 0° to 20° at 1400 and 1725 fan

rpm, and no significant change in fan noise was detected.

It is assumed (based on propeller noise experience) that the
maximum noise is radiated in the plane of the fan. The sound
power level measured for the blade passing frequency at Evendale
previously was 151 db compared with 158 db indicated by these re-
sults and considering directivity was 3 to 7 db lower than

measured at Ames.

Fan and Engine Inlet Reingestion:

The most severe case of engine reingestion occurred during the

ground checkout test conducted on the ramp in September 1961.
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P R,

Severe engine reingestion was encountered for all cases of two-fan
operation and, as shown in Table XVI exit louver angles up to 20°
were not effective in clearing the engine inlet condition. No fan
reingestion was noted under any conditions. The fan discharge was
8 feet 11 inches above ground equivalent to 1.71 h/dF and the
engine nacelles terminated 6 feet 10 inches forward of the fan
centerline and 2 feet 9 inches below the fan discharge. Operation
was unsteady because of random variations in engine inlet tem~
perature of &~ + 20°F. With one fan operating, there was again no
fan reingestion; however, the engine inlets operated R:lZOF above

ambient without the speed variation problem.

With two-fan operation the hot air from the fan turbines is pinched
between the cold, denser, fan discharge air, and it issues in a

narrow stream fore and aft. The stream was so narrow that sometimes
only one engine was influenced (refer to Table XVI). As far forward

as the nose of the aircraft, the stream was only 4 to 5 feet wide.

For the February 1962 ground effect tests, engine inlets were
modified to prevent reingestion simulating a high inlet con-
figuration (see Figure 15).

There was no inlet temperature rise noted during these tests with
both fans operating (h/dF = 1.82). A few of the runs with only

one fan operating indicated a fan and engine inlet temperature rise
of up to 10°F. The maximum value was observed for a few data
readings and did not appear to be a function of h/dF value or any
other variable in the testing. Fan speed stability was generally
within + 1/2%; with 10°F reingestion the fan speed varied + 1%.

In wind tunnel tests, engine and fau reingestion was present be-
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low velocity ratios of 0.08 when both fans were operating. This
caused unsteady fan operation and prevented obtaining reliable

data. The maximum level or reingestion was about 20°F.

During static tests in the tunnel (overhead doors opened), with
only one fan running, the fan and engine inlet temperatures in-
creased gradually up to 20°F above the temperature at the start
of the test run. This was normal tunnel heating becau~e of engine
operation. The fan operation showed + 1% speed

fluctuation and permitted valid data recording.

Ground Temperature Survey:

During the ramp tests, temperature surveys were taken in the fan
discharge and vicinity and on the fuselage skin near the fan
tﬁrbine. Results of the air temperature measurements are shown

in Figures82a to 83c with the fan discharge at an h/dF value of
1.30. The data were taken at two vertical planes, and measurements
were recorded at eight values of h/dF' The results also

indicate that the hot fan turbine discharge air is confined by

the cold, denser, fan discharge air to the vicinity of aircraft
fuselage and that the hot air leaves in a thin sheet fore and

aft (this is also substantiated by observation while walking

around the model).

Air temperature data at 0.98 h/dF is not as extensive and con-
sistent as that obtained at 1.30 h/dF but it generally shows higher
temperature and more penetration of the hot gasses into the cold
fan shown in Figures 84a, b, sand c. General temperature surveys
around the fans ave difficult to obtain because of the large

volume to be covered and the steep temperature gradients in the
mixing regions., Fan height above ground, fuselage geometry and

the adequacy of single fan tests (simulated image plane of symmetry)
also would cause difficulty in applying these results directly to
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other configurations. The levels of temperature encountered should,

however, be a good indication of possible problems.

For a case with the fans located about one diameter above ground
which is realistic for an actual fan-in-wing aircraft (viz. the
VZ-11), the maximum temperature profile under the turbine stream
reaches approximately 450°F above ambient 5 to 15 inches above
ground. The maximum occurs near the interface with the fan stream,
and sharp gradients are encountered within a few inches. This
local high temperature mixes after turning by the ground and the
temperature drops rapidly to 50 to 100°F above ambient within a

few fan diameters distance.

Fuselage skin temperatures for the two values of h/dF are shown in
Figure 85. These values were very consistent between runs, and
can be safely used for design values after making corrections for
heat transfer characteristics of the fuselage wall (test fuselage
was made of 1/8 inch thick sheets of mild steel). The maximum
temperature reached within 777% of the gas generator Tg level which

is close to fan turbine discharge temperature.

E. FAN POWERED AIRCRAFT PERFORMANCE

Performance Coefficients:

Non-dimensionalized coefficients used throughout this report were
described in references 16, 17, and 18. Changes were made for this
report to make the moment coefficient more meaningful. Previously
the moment coefficient, HM’ was non-dimensionalized with the tail
moment arm, Et. For this report, except as specifically marked
otherwise, it is non-dimensionalized with the wing mean aerodynamic
chord, Cmac' In search of the most appropriate basis for comparison
of fan powered aircraft configurations, fan diameter is used in place
of wing chord in the moment coefficient definition in some cases.

Where this i1is done, the change is noted accordingly.
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Other than these chanées the coefficients are as described in

references 16, 17, and 18,

Table XVII gives the conversion re-

lationships for a general fan-in-wing case and for the specific

model tested.

TABLE XVII

CONVERSION RELATIONSHIPS - AIRCRAFT COEFFICIENTS

To Convert

Multiply By:

For Specific

From To For General Case Model Tested
2 2
L H (vp/vup) S/ 24, 5.98 (VP/Vup),
CD HD Ditto Ditto
HM(Cmac Ditto Ditto
3 3
Cy H,(dp) (vl,/vti ) Sy Crac/? Apdy 13.14 (VP/vtip)
]
H C. 24,/ (Vp /v“p Sy 0.167/(vplvt1p)
HD CD Ditto Ditto
HM(-Cmac) CM Ditto Ditto
3 2
HM(dF) Cy 24, %/(vp/vtip) Sy Coac 0'0761/(VP/vtip)
Notes: 1) AF in the general conversion relationship i1s the area of
both fans.
2) HM(Cmac) is used to identify the moment coefficient

non~-dimensionalized with mean aerodynamic chord.
3) B'M(d]?) is used to identify the moment coefficient

non-dimensionalized with fan diameter.

A third set of non-dimensionalized coefficients is commonly used

for VIOL devices.
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. S
example: C, = L/qs Ay where g = Foooo/Z Ap + 9% Foooo e

defined as the hover thrust at any given fan speed, out of
ground effect with Bav and Bs 0 The conversion between
these coefficients and fan coefficients (HL, HD’ HM) 18 shown

in Table XVIII and for comparison, data from Runs I-5, -6 and -7
are shown in this form in Figure 86. These type data are in-
cluded only for the convenience of readers more used to this

method of presentation.

TABLE XVIII
CONVERSION RELATIONSHIPS FOR SLIPSTREAM NOTATION

To Convert Multiply By:

For Specific
From To For General Case Model Tested
Gie (# + @v, )%) /2 0161 + (U IV, )?/2
L o, P’ “tip ' P’ tip
S
CD HD Ditto Ditto
S 2 a) 3
Cy H, dF/ZCmac (& + (VP/Vu_p) 0.073 + (vP/vtip) /2
HL C S -] 2 -3 3
2
L F W/, /0.321 + Wp/Veyp) ]
S
HD CD Ditto Ditto
S o ] e '
R, Cy 2 /4 [+ Vp/Vy o) 4.4/{0.321 + @p/Vy, )
To convert the velocity parameters, the following relationships
apply: General Specific
1,5 = V[ v 0 | = 1L+ 302 /v, )R
C P’ "tip ] * P’ "tip -
S 1/3 2 S 1/3
Vp/Vey, = 8 (1/'rc -1 = o.se7 (it -1 _

Where:
¢ is the ratio of jet velocity to fan tip speed at hover.
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General Comparison With Fan-In-Fuselage Results:

The total lift, drag and moment data for all of the fan powered
tests are shown in Figures 87 to 98. In general, the lift
data are very similar to the fan-in-fuselage results
(references 16 and 17); a large lift increase is measured as
velocity ratio is increased. At velocity ratios about 0.36 with
B set at Oo, the right fan experiences a rapid unloading re-
sulting in a lift decrease and a discontinuity in the lift co-

efficient characteristic.

Drag data at B = 0° are quite different from fan-in-fuselage
results as & function of velocity ratio, The fan-in-fuselage
drag increased at an increasing rate because of fan flow

increase (favorable inlet ram recovery) while fan-in-wing drag
increased at a decreasing rate because of both fan flow reduction
(poorer inlet ram recovery) and high exit louver losses with the
P = 0° setting. At velocity ratios about 0.36 the drag became
nearly constant because there was a large flow reduction when the

right fan stalled.

For P settings of 20o and greater, the drag characteristics appeared
similar to the fan-in-fuselage results (both gross thrust and ram

drag were relatively lower but the net drag was essentially unchanged}.

Pitching moments, which are a function of moment center selection,
appeared to be quite dissimilar from the fan-in-fuselage results,
however, are actually similar when proper correction for installation
thickness is made. Pitching moment is found to be a function of fan
flow and therefore the number and perfornnncé of the fans in the
cpnfiguration. There was a marked difference in fan-in-wing flow
versus flight speed compared with fan-in-fuselage flow because of

the different inlet environments and this significantly influenced
the results presented in the following discussions. | .
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Accuracy of Interaction Analysis:

The accuracy of interaction lift, drag, and moments discussed next

is mainly dependent on two factors: force and moment measurement
accuracy and accuracy of calculated fan performance based on internal

aerodynamic pressure measurements. (See Section V, Part C,)

The measurement accuracy discussed in Section IV was estimated
directly based on normal periodic force balance calibrations and
repeatability of force data. The limitations of the fan
performance calculations are discussed in Section V, Part C. 1In
view of these limitationg, it is estimated that fan momentum thrust
based on calculated fan flow and used in interaction calculations
could be in error by % 10%. 1In addition, the flow angle at the
exit louver cascade (because of incomplete turning by the inlet)
could be up to 20° higher than the indicated angle, affecting the
moment contribution from the exit louvers. The overall accuracies
estimated for the interaction analyses are:

W +0.035, Hy +0.02, and H, + 0.05 units.

Interaction Lift:

Interaction lift is shown in Figure 99 for several configurations
tested. For comparison, fan-in-fuselage results are also shown.

In estimating the interaction 1lift, the following analysis was used.

The total measured power-on lift was assumed to consist of:

1. Power-off aircraft 1lift

2. Fan momentum lift (including contribution from fan turbine)
3. Lift change from tail downwa<h

4. Interaction lift (induced lift plus interference effects)

The power-off aircraft lift can be calculated for each configuration

in units of HL using the conversion from CL to HL.
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Fan momentum lift was calculated from internal fan pressure
measurements and is shown in Figure 100 (with fan turbine con-
tribution included) as a function of velocity ratio. For de~
tails of fan performance calculations, see Part C of this
Section. Lift change from tail downwash was considered for the
tail-on configurations tested using the previously determined
tail downwash angle as a function of velocity ratio and tail
lift vs. angle of incidence relationship based on power-off

tests.

Subtracting items 1, 2, and 3 from the total measured lift gives

the interaction lift caused by fan operation.a

The results for the three major configuration changes shown in
Figure 99 indicate that interaction lift increased with an in-
crease of velocity ratio and was considerably larger for the

B= 0° case. The interaction lift for a configuration with

6f= 0° 1s indicated to be larger than one with 6£=30°

velocity ratios above 0.2, but this is probably because of the
calculation assumptions: the flap effectiveness was assumed to
be the same for both power-on and power-off operation. Actually,
the position of the extended flap area directly behind the fan is
affected by the fan stream and its effectiveness should be

significantly decreased as velocity ratio is increased.

The interaction lift appears to be a function of fan jet angle
relative to the cross~-flow. Based on internal measurements, fan
flow was higher for P = 35° than B = 0° at velocity ratios above
0.2; however, the interaction lift calculated for B = 0° is con-
siderably larger. This characteristic was even more pronounced for
the fan-in-fuselage configuration where at B = 35% there was

essentially no interaction lift indicated. This is not unexpected

2 No correction has been attempted for any effect of the tunnel floor
(or other walls) on these results,
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since a jet flap exhibits similar characteristics. It is also
indicated from the data that the fan mounted in a wing causes a
higher level of interaction lift per unit of fan flow than the
fan mounted in a fuselage. The fan-in-fuselage flow was higher
for all B settings, but the absolute value of interaction 1lift

was as large or larger for the fan-in-wing at all § settings.

It was not possible to obtain good lift measurements in the wind
tunnel at velocity ratios below = 0.08 because of fan and engine
reingestion. Any performance indicated in this range must be con-
sidered questionable wherever the wind tunnel results are presented

as a ratio or percentage of fan static lift; the ztatic ian perfor-
mance level used is that obtained during Evendale static tests (X353-5)
which is repeated in Figure 101 (from reference 19).

Interaction Pitching Moment :

Interaction moments are shown in Figure 102 for the several con-
figurations tested. For comparison, fan-in-fuselage results are

shown corrected for the difference in installation thickness.

In estimating the interaction moments, the following analysis was

used. The total measured power-on moment was assumed to consist

of:

1, Power-off aircraft moment

2. Moment from displacement of the fan lift and thrust
vectors from the moment center’

3. Moment caused by the J85 ram drag

4, Moment contribution from the tail

S. Interaction moment (from induced and interference
effects)

? For moment center No. 2: MB = + 0.85 Fx -1.38 FY.
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Power-off aircraft moment can be calculated for each configuration
in units of HH using the conversion from CH to HH'

Moments caused by the displacement of fan lift and thrust vectors
from the moment center are calculated using internal fan perfor-

mance results.

Moments caused by the J85 ram drag are obtained using the relation-
ship of engine flow to fan speed and the moment arm from the moment
centers to the engine centerline. This is approximately -

HD tEEL(z'gs) VP/vcip = -0.0446 (2.95) VP/V

c 11.44
mac

tip = 0.0115 vP/vtip.

The reason this is only an approximate relationship is that the
fan speed to engine flow is not an exactly constant ratio for all fan
speeds. This error, however, is less than 1% of the total moment

and is, therefore, insignificant.

Moment contribution from the tail installation is calculated from
the previously obtained relationships of tail downwash, and velocity

ratio and tail lift-angle of incidence slope.

Subtracting items 1 through 4 from the total measured moment gives

the interaction moment caused by fan operation.

Comparing Figures 102 and 103, it can be seen that the interaction

moment at B = 0° and 6, = 0° follow about the same pattern as the

b3
fan drag at B = 0°. Assuming the relationship HM {nt X d

= a
constant x BDR’ the constant can be evaluated and is foung to be
approximately equal 9.5 for the velocity ratio range from 0 to 0.30
(B = 0° and bf = Oo). It 1s therefore possible to account for all
fan caused moments by considering the fan ram drag force to act at a

distance of 9.5 ft, above the moment center (No.2) or ~ 9.0 ft.
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above the top surface of the fan (wing). This is comparable with

a value of ~ 8.4 ft. above the wing for the fan-in-fuselage model ,?

Other studies indicate the interaction moment should be directly
proportional to chord and inversely proportional to the effective
aspect ratio. The fan-in-wing model had both a larger mean aero-
dynamic chord (11.44 vs. 7.33 ft.) and smaller effective aspect
ratio than the fan-in-fuselage model. The 7% difference in inter-
action moment between these two relatively dissimilar models is, -

therefore, considered reasonable.

At B = 350 the interaction moment was less than at B = Oo, even
though fan flow was larger at B = 35° at velocity ratios above 0.2.
This is partially the same phenomenon as described in reference 17,
page 48; pre-turning the discharge flow by the exit louvers reduces
the interfererce of the issuing jet with the cross-flow. An additional
factor not present in the fan-in-fuselage installation tested is that
of the flow not being axial through the wing installed fan at high
velocity ratios, as evidenced by the more severe throttling of the

fan at 8 = 0° than at £ = 35° above 0.2 VP/vtip' In calculating
interaction moments, it was assumed that there was a force on exit

louvers equal to F, and a resulting nose-up pitching moment of 0.85 F

X
The flow angle leaving the exit louver: cascade is approximately B

X

when there is'ho separation. in the cascade. (Refer to Sketch.) If
inflow is axial, the.horizontal force (neglecting friction) on the

louver cascade is F sin B or F, and the pitching moment caused by the

X
exit louvers relative to moment center No. 2 is 0.85 Fx. If the inflow

is not axial, the horizontal force on the cascade {s F (sin B - sin AB)
or less than Fx, and the resulting pitching moment is less than 0.85 FX'
The actual flow angle entering the exit louver cascade is between

Reference 16, Table 9
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a1, -1 0
0 and Tan VP/Vjet' At VP/Vtip = 0.3, the Tan VP/VJet is & 24 .
Assuming this flow condition, the interaction pitching moment for
B = 35° (Figure 102) would increase by 0.017; at this same velocity
ratio but for B = 0° it would decrease by 0.016 bringing the results

for the two exit louver settings closer together.

The interaction pitching moment calculated for runs with B = 35o

and 6f = 30° does not follow the constant relationship with ram drag.
The 30° plain flap used in this test contributed ~ 0.13 nose-down CM'
Review of the various data shows changes in 1lift, drag and moment that
strongly indicate the flap to be separated directly behind the fan.
This separation could be caused by the large cut-out in the flap which
was necessary to accommodate the test exit louver actuation system
(see Figure 1), This implies reduced basic aircraft moment and lift
contributions (see Figure 99 for change in interaction lift with flap
setting). In the analysis of interaction pitching moments it was
assumed that the basic aircraft moment contribution remained constant,
and this would result in evaluating the interaction moment at too high
a level for operation with the flaps extended. If a flap effectiveness
of ~ 80% is assumed, both the interaction moment and lift results

become independent of flap setting.

It is not possible to exactly account for the non-axial flow and flap
effectiveness influences on the results, so results are presented for
assumed axial flow and 100% flap effectivenescs. The reader is,

however, cautioned to consider such influences in applying these results

ta specific applications.

The center of lift change as a function of velocity ratio is shown
in Figure 104. The maximum forward shift of the center of lift is
~ 25% of Cmac or 55% of fan diameter. This is another way of pre-

senting the system moment characteristic.

Within the accuracy of the data there i{s no indication that configura-
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tion changes such as addition of Kruger flaps, a short span wing,

or a mid-wing installation affect the moment to any appreciable
degree, There was, however, a larger decrease in interaction ﬁoment
at =~ 0.35 vP/vtip where the right fan stalled and its mass flow

decreased considerably.

Interaction

Interaction drag is shown in Figure 105 for several configurations
tested. For comparison, fan-in-fuselage results are also shown.
In estimating the interaction drag the total measured power-on

drag is assumed to consist of:
1. Power-off aircraft drag
2, J85 ram drag

3. Fan ram drag

4, Fan gross thrust (including fan turbine thrust
contribution)

5. Interaction drag (induced drag plus interference
effects)

The power-off aircraft drag can be calculated for each configuration
in units of HD using the conversion from CD to HD. J85 ram drag was
~ 0,0446 vP/vtip based on the engine flow~fan speed relationship.

Fan ram drag and gross thrust were obtained from internal fan pressure

measurements, Figure 103.

Subtracting items 1 through 4 from the total measured drag gives the
interaction drag caused by fan operation. The interaction drag in-
creased with velocity ratio and is higher at § = 35° than B = 0°.

The 6f==0o data has a larger interaction drag component which is con-
sistent with the flap effectiveness reduction discussed in evaluating
interaction 1lift and moment. The fan-in-fuselage results indicate a
much higher level of interaction drag at B = 0°. This could be partly
caused by the higher fan flow in the fuselage installatiomn; however,
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the large part of the difference is suspected to be the result of

flow separations along the fuselage behind the fan with that rela-

tively unstreamlined model.

For the evaluation of interaction effects (l1ift, drag and moment),
fan flow, gross thrust and ram drag are calculated from fan internal
performance discussed in Part C of this Section. Based on the
non-uniform flow conditions described there, it should be considered
that the calculations of fan performance are not exact and that the
interaction effects are subject to the é;me inaccuracies involved in

determining internal fan performance.

The fan lift and drag coefficient determined from fan internal per-
formance measurements shown in Figures 58, 59 and 60 do not include
the lift or drag (thrust) contribution from the fan turbine exhaust
gases. This was added in preparing Figures 100 and 103 of the inter-

action analysis.
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System Lift and Drag and Moment Changes as a Function of Angle of
Attack:

The 1ift changes as a function of angle of attack were reasonably

unaffected by fan operation at B = 0°. To obtain preliminary
estimates of total system lift at any angle of attack between -4°
and +10°, it is possible to add the fan lift, Figure 100, to the
interaction lift, Figure 99, and the power-off aircraft lift at
the desired angle of attack. Figure 106 shows the slope of the
lift coefficient vs. angle of attack for power-on and power-off
conditions. The B = 0° value was always slightly lower than the
pover-off value mainly because of fan performance deterioration as
angle of attack was increased., At B = 35° the geometry effects are
in a direction to increase fan lift (?Y = F LCos (g - a)J;) and
apparently overcome the fan total thrust decrease caused by angle
of attack increase. At velocity ratios above 0.25 the fan performance
deterioration with o was more pronounced and the power-on value of

ACL/Aa was less than the power-off value,

Total drag changes as a function of angle of attack were mainly a
function of fan jet discharge angle especially at low velocity
ratios., At any condition the drag changes can be expressed (for an
o range from -4° to +10°) as a OH /bo = Ky @ + ks a®. The squared
term 18 usually less than 10% of the total change and as an approxi-
mation a linear relationship can be used. Figure 107 shows the
variation of AHD/Aa ve. velocity ratio. This ratio did not vary much
with velocity ratio (except at low B settings in the high velocity
ratio ranges where increasss in angle of attack caused the right fan
to stall; this was usually accompanied by a decrease in drag from

reduced fan flow).

The change in pitching moment with a was essentially a constant

ACM/Aa phenomenon, again, except when fan stall was present.
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In general, it can be sald that, as a function of angle of -attack:

1. Lift changes were similar to the power-off case. There
were some small influences of fan jet exit geometry at
high P settings and low velocity ratios, and of fan
per formance deterioration at high velocity ratios.

2. Drag (thrust) changes were primarily a function of geometry.
Some small influence of the basic aircraft drag changes
which may be obscured by fan performance changes 1is also

present.

3. Pitching moment changes are similar to the power-off case
with little fan influence.

Power-On Tail Downwash and Static Stability:

Tail downwash variation as a function of velocity ratio is shown in
Figure 108 . As expected the downwash angle was higher than for
the power-off condition and decreased with velscity ratio. Tail
downwash values below a velocity ratio of 0.075 (equivalent to

s 30 knots at 100% fan speed) are difficult to determine because

of the small values of the moment forces used for calculations.
Also the tunnel effects at these conditions are large, affecting the
applicability of these data.

The downwash angle at the aerodynamic center is a function of CL

and aspect ratio; tangent ¢ = CL/HAR, vhich for small angles re-
duces to € = 57.3 CL/ﬂAR. Theoretically the downwash angle at
infinity approaches a value equal to twice the value at aerodynamic
center. In practice the downwash angle approaches zero some distance
behind the wing because of viscous effects and is a finite value at
the tail plane. This value depends primarily on the lift coefficient,
aspect ratio, and taper ratio of the wing, and the distance of the
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tail behind and above the wing chord. For the same configuration,
the tail downwash should be a function of CL only. PFigure 109
shows the variation of CL with velocity ratio for B = 0° and 35°.
Based on this it would be expected that downwash angle be some

10 to 507 higher for the B = Oo compared to B = 35o case over the
velocity ratio range tested. This is not the case, probably because

of tunnel effects and/or data scatter.

The fan-in-fuselage installation had an aspect ratio of 1.43 times
the fan-in-wing value; it alsgo had a slightly longer distance to
the tail plane, a higher tail position, and m 20% lower CL at a
given velocity ratio (B = 0° and 6f = Oo). All these factors
would indicate approximately three times as much downwash for the
fan-in-wing compared to fan-in-fuselage configuration. Figure 108
shows the downwash angle of both configurations. The ratio of fan-
in-wing to the fan-in-fuselage downwash angle varies from a 2 at
the lowest velocity ratio to a 4.5 at 0.3 V_/V indicating a

P tip
reasonably good agreement with the estimated ratio of 3.

The change of tail downwash angle with angle of attack was the
same with the fans running as the power-off value (3d¢/3a = 0.6),

and was independent of velocity ratio or exit louver angle setting,

The longitudinal static stabilit:ya power-on and power-off is shown
in Figure 110, The value of static stability power-on is
generally higher than power-off. This phenomenon is caused by
rearward shift of the aerodynamic center (when the fan is operating)

of my 2% chord as can be seen in Figure 1l11.

The above results are for the high-wing configuration with 30° flap

® Moment center No. 2 shown on Figure 2 was used for the longitudinal
static stability calculationms.
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deflection (no f;n inlet doors). Sufficient data are not available
to evaluate tail downwash and static longitudinal utability for all
of the configurations tested; however, it seems likely that the fan
contribution would be of constant magnitude and only the power-off
base point would change.

Inlet Comparisons:
Three fan inlets were used during Period I testing (see Section II

for detail description),
Inlet No. 1 - Fixed side vanes plus circular vane
Inlet No, 2 ~ Circular vane only
Inlet No. 3 - Articulated louvers plus circular vane

The drag lift and moments obtained with inlets No. 1 and 2 were
practically the same for all ranges.of variables tested indicating
the fan gross performance to be unaffected by the presence of the
side vanes. The side vanes did not influence system performance;
however, they did reduce inlet distortion and, therefore,  reduced
blade stresses (see Parts C and F of this Section, fan internal

and fan mechanical performance).

Using inlet No. 3 resulted in slightly lower lift (0 to 10%) at

low velocity ratios up to VP/vtip = 0.18, because of the higher
inlet losses under these conditions. At velocity ratios from 0.18
to 0.30 inlet No. 3 resulted in slightly higher lift (0 to 10%);
above 0,30 VP/vtip up to 20% higher 1lift. This increase was caused
by an effectively higher fan flow area present with the articulated
louvers rather than an increase in ram recovery (see Figure 55a

and 57).
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As'wopld bg expected from the higher fan'flow, the drag moment
tended to be higher for inlet No. 3 at higher velocity ratios.’
The moment comparison in Figure 112 is based on tail-on moment
data corrected for tail downwash. Some error is probably present
since the downwash was assumed to be the same for all inlet con-
figurations, Data are not available for a direct tail downwash

evaluation for all of the inlet configurations.

The maximum conversion speed was nearly the same for all inlets

(see Figure 113). This phenomenon can be best explained from the
internal fan performance (Part C). Inlet distortion reduces effective
flow area but increases fan effective pressure ratio for inlets No. 1
and 2 relative to inlet No. 3. This results in decreased flow but
higher thrust per unit of flow for inlets No. 1 and 2, and the net

thrust output is essentially the same for all three inlets.

Rotor Comparisons in Cross Flow:

The installation of the X353-5B rotor in the left wing for the
Period II tests did not affect the total aircraft performance to
any measurable degree. It would be expected that at low velocity
ratios and B = 0° there should be a difference in total lift of
about 47 at the same fan speed because of the higher loading of

the -5B fan. The inherent scatter of low velocity ratio data
obscures any such trend. At high velocity ratios and/or high

exit louver angles the -5B rotor unloads faster than the -5 rotor
and the performance of each rotor at constant speed should become
nearly the same; this indeed was the case with some indication that

the -5B rotor may provide less lift.

Effects of Fan Inlet Closure Doors:

Addition of "butterfly"-style, faired, inlet doors caused an increase
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in aircraft drag coefficient’(CD) of ~ 0.02 to 0.03 for the velocity
ratio range of 0.15 to 0.30 at all exit louver angle settings
(Figures ll4a to 1ll4c). Since the ACD caused by door
installation is reasonably constant for all louver settings and
changes‘only slightly with velocity ratio, it is reasonable to
assume that it is mainly an increase in form drag and not a

change in fan performance (in the latter case ACD would vary as

1 .
(VP/vtiP)’). Additional support for this conclusion is the lift

coefficient not being affected by door presence.

The doors were installed using external cables and turnbuckles.
Estimating m 2 square feet projected area for the above, it is
possible to account for s 20% of the additional drag caused by
door installation. Converting the remaining drag to D/q units,
it appears that the faired doors used in test cause an additional
drag equivalent to a 10 D/q (in the open position) for a two-fan
installation.

Kruger Flap Effects:

Addition of Kruger flaps had practically no effect on drag other
than the power-off difference of 0.0l CD (see Table X).
Interaction pitching moment comparisons are shown in Figure 112
with no appreciable difference except that Kruger flaps improved
the fan performance slightly, resulting in higher moments at
velocity ratios above 0.3. This improvement is probably caused
by a reduction in cross-flow velocity in the vicinity of the fan
inlet because of the increase in wing chord ahead of the fan inlet.
The total lift at a = -40 to 440 was not affected; however, at
higher angles of attack, the lift with Kruger flaps was increased
and CL max V28 approximately 10% higher.

Very High Velocity Ratio Performance:

Normal take-off transitions should be completed at velocity ratios
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below 0.3. It is possible that landing transitions can be per-
formed that involve very high velocity ratios (0.4 to 0.6) because
of the reduced fan speed requirement; also advanced lift fan
systems using flow division® between the cruise nozzles and the
fans would tend to be operated at higher velocity ratios. Data
for the high velocity ratio ranges, 0.4 to 0.6, are shown in Fig-
ures 115a and b. Fan performance is poor and the total performance
approaches the power-off aircraft case. A complete polar at

B = 45° and VP/vtip = 0.57 is shown in Figure 116, indicating the
similarity of power-on to the power-off results., This similarity
of high velocity ratio to the basic aircraft results suggests

that low fan speed landing conversions can be accomplished
smoothly without trim changes; also, take-off conversions using
sequential diverter valve switching can be accomplished with
considerably less trim changes than required during simultaneous
switching.

Thrust Spoiling for Control:

The exit louver system was designed to provide lift modulation at
constant engine power. Initial lift spoiling tests at static
conditions were performed at Evendale (reference 19). During this
wind tunnel phase of fan test the 1ift spoiling characteristics
were evaluated further as a function of cross-flow and angle of
attack. The four important results are the lift reduction, thrust
reduction, pitching moment reduction and fan speed change as a
function of exit louver stagger angle (BB = B2 ; B).

The combined 1if: spoiling results of the Evendale and Ames tests
are shown in Figures 1l17a to 117d showing the variation of

8 Reference 20
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vertical 11ft and horizontal thrust as a function of velocity
ratio, average exit louver angle (Bav = B + Ba) and stagger
angle (ﬁs). 2

Lift and thrust reductions at a given fan speed are expressed as
a percentage of the fan lift at hover with B.v = 0°, Bs - 0°,
and at the same fan speed. (See Figwnre 1ll8c for fan lift vs.
speed at these conditions.) Data presented include the total
effect due to stagger; that is, both fan momentum lift and thrust
changes as well as changes in induced 1lift and drag. Figure 1ll7a
shows the lift and thrust variation as a function of velocity
ratio and stagger angle for Bav = 0°. There is no appreciable
effect on thrust for all Bs values and no effect on lift for Bs
up to 100. The maximum amount of lift spoiling possible at hover
(Bav = 00), with the X353-5 louver geometry, is 25% of hover 1lift
with the exit louver setting of Bs = 40°,

Figure 117b shows the same variables for Bav = 10°. The main
differences from the Bav = 0° results are the increase in thrust
variation with B8 and the change in both lift and .thrust variation
with velocity ratio. The reduction in thrust with increase in
stagﬁer angle i8 caused by the reduction in effective turning angle
relative to the vector angle (see Figure 119). The increase in
1ift spoiling effectiveness as velocity ratio is increased up to
VP/vtip m~ 0.15 1is apparently caused by reduction in induced 1ift
effects in addition to fan momentum lift reduction when staggering.
The reduction in thrust spoiling with increesing velocity ratio is
caused by the decrease of fan flow and the resulting decrease in
ram drag; the gross thrust changes are reasonably independent of
velocity ratio changes; however, the ram drag changes are pro-
portional to velocity ratio, and, therefore, the net thrust changes,

through staggering, decrease with velocity ratio increases.
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Figures 117c and 117d give the lift and thrust variation for

Bav = 20° and 35°. An additional phenomenon present is that, for
velocity ratios above 0.15, the lift spoiling effectiveness de-
creases apparently because of the relatively lower fan contri-

bution to total 1ift at higher velocity ratios (Figure 100).

In addition to altitude control, staggering can provide roll
control by spoiling one fan more than the other. Some asymmetrical
staggering data were obtained which show the lift and thrust losses
to be only about half of the value obtained with equal staggering,

indicating that there is no cross-coupling between the two fans.

The roll and yaw results show consideratle scatter throughout the
test, but can be used as a rough check on the point of action of
the forces produced by staggering. The yaw moment was approximately
equal to AD x 8 ft. and the roll moment was approximately equal to
AL x 6 ft. Based on this,it can be assumed that the lift and drag
changes produced by staggering act at about the fan center which is
7.12 ft. from the aircraft centerline. More accurate roll and yaw
moment measurements would be necessary to establish the exact
position; at hover these forces act slightly inboard from fan
center because of the turbine location. As cross-flow velocity is
increased, the point of action of drag and lift forces moves inboard
of the fans (for counter-rotating fans: left wing fan, counter-
clockwise; right wing fan, clockwise rotation, looking from the top)
because of increased loading on the advancing blades relative to
the retreating blades. Changes in induced effects may modify this

to some extent depending on aircraft configuration.

Pitching moment changes (moment center No. 2) were insignificant
as a function of staggering: fan lift decreased reducing nose-down
moment, while fan flow also decreased reducing ram drag and its

attendant nose-up moment. If the center of gravity is located on
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a chord station corresponding to the fan centerline, then staggering

would decrease pitch-up moment.

It is apparent that symmetrical staggering (altitude control) re-
duces horizontal thrust and, without automatic control adjustment,
descents will be accompanied by a reduction in horizontal
acceleration rate. In a coordinated control system, staggering
could be accompanied by simultaneous increase in vector angle to
preserve the horizontal force balance with a resulting larger
vertical force change than attributable to staggering alone

(vectoring decreases lift).

During asymmetrical staggering (roll control) an adverse yaw is
developed. In a coordinated control system the adverse yaw could
be eliminated by a simultaneous increase in vector angle on the
staggered side resulting in decreased lift and a larger roll moment
than possible with staggering alone. I1f a yaw force is desired,
vectoring exit louvers further produces an adverse roll which has
to be compensated by unstaggering; this in turn yields more

horizontal thrust and increases the yaw input.

From the above discussion it 1is evident that a given altitude, roll
or yaw control input is increased by the additional inputs
necessary to prevent change in acceleration or prevent adverse
yaw-roll or roll-yaw coupling. An automatic control system which
would completely compensate for these cross-couplings is, therefore,

a function of several variables such as Bav’ Bs and VP.
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